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Using improved chemical procedures and careful
mass spectrometry, ultramafic rocks from widely
divergent geographical areas have been analysed for
Rb and Sr concentrations and for strontium isotope
ratios. Many of these rocks contain less than 0.1
ppm Rb and 1.0 ppm Sr. Replicate analyses demon-
strate a good precision for measurements of these
extremely low concentrations.
The hypothesis that some peridotites may be
primordial, undifferentiated mantle material and
that other peridotites may be a residue left after
basalt has been extracted from mantle peridotite
is tested by comparisons of Rb and Sr concentrations
and the Rb/Sr ratios of the peridotites with Rb-Sr
limits suggested for the mantle by meteorite and
basalt data. It is shown that most of the perido-
tites (all of the dunites) have Rb and Sr concen-
trations and Rb/Sr ratios which indicate that they
are not samples of primordial upper mantle.
The peridotites have much higher Sr 8 7/Sr 8 6
ratios than were expected. This is a surprising
result especially for e dunites which were ex-
pected to have Sr87/Sr rati s as ow as, or lower
than, basalts. These high Srd 7/Sr 8 ratios are
shown to be the combined result of high Rb/Sr
ratio in the dunites and a Srb7 /Sr 8 D development
over a longer period of time than geologically
indicated by intrusive relations. The high Rb/Sr
ratio is explained as a consequence of basaltic
magma extraction from the original mantle perido-
tite in an episode of partial melting which con-
siderably predated the later mobilization and in-
trusion of the peridotite.
Tentative isochrons are drawn for the New
Zealand-New Caledonia area and the northern Appa-
lachian area. A 730 m.y. isochron for the New
Zealand-New Caledonia dunites is interpreted as
dating an upper mantle isolation of dunite and as
agreeing with the residual origin hypothesis. A
320 m.y. isochron for the northern Appalachian
peridotites is interpreted as dating an episode of
major hydrothermal alteration.
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PART I
Rb-Sr Evidence for the Origin of
Peridotites
RB-SR EVIDENCE FOR THE ORIGIN OF PERIDOTITES
G. D. Roe, W. H. Pinson, Jr.
and P. M. Hurley
ABSTRACT
Mass spectrometric measurements on peridotites
demonstrate that many of them have Sr 8 7/Sr 8 6 and
Rb/Sr ratios higher than oceanic basalts, and most
of them contain less than 0.4 ppm Rb and 10 ppm Sr.
The surprisingly high Sr 8 7/Sr 8 6 ratios of many
peridotites cannot be correlated with both the
Rb/Sr ratio and the time of intrusion. Although
the Rb/Sr ratios are higher than expected for sub-
crustal material, the Sr87/Sr 86 ratios cannot have
reached such high values from Rb87 decay unless
the peridotite existed as a separate system for a
much longer time than indicated by the intrusive
relations.
A 730 m.y. isochron for dunites from the New
Zealand-New Caledonia area is interpreted as dating
a partial melting event in the upper mantle which
left the dunite as a residual material after re-
moval of a basaltic liquid. Subsequent mobilization
and intrusion of the dunite did not change its
20
Rb-Sr systems. Measurements on such peridotites,
which have high Sr87/Sr 86 ratios, are used in con-
junction with the oceanic basalt measurements of
Faure and Hurley (1963) to develop an upper mantle
history, in which the major events are:
(1) early differentiation
(2) later partial melting and separation of ba-
saltic and peridotitic phases
(3) subsequent intrusion.
It is postulated that the basalts contain nearly
all of the initially available Rb and Sr. They are
essentially whole-rock samples of the upper mantle.
Their Sr87/Sr86 ratios can be extended back in time
according to their Rb/Sr ratios past the partial
melting event, which separated them from the orig-
inal mantle material, to the time of the original
mantle differentiation. On the other hand, the
peridotites, containing very little of the Rb and
Sr, have Sr 8 7/Sr 8 6 ratios which extend back in time
only as far as the partial melting event.
INTRODUCTION
A considerable reduction in contamination
through the use of highly purified reagents (Shields,
1964) and the substitution of vycor glass and poly-
propylene for all pyrex glassware (Wasserburg, et
al., 1964) made it possible to extend rubidium and
strontium measurements to the sub-ppm range.
Mass spectrometric measurements were made on
ultranafic rocks containing as little as 0.05 ppm
rubidium and 0.1 ppm strontium. These ultramafic
rocks are for the most part alpine-type peridotites
(Benson, 1926; Hess, 1955a).
Various hypotheses have been advanced con-
cerning the origin of these peridotites. They have
been considered to have been emplaced as primary
peridotitic magma (Hess, 1938; Noble and Taylor,
1960; Ragan, 1959; Ruckmick and Noble, 1959; Taylor
and Noble, 1960), as a crystal-mush originating
from mantle fractionation (Bowen, 1928; Thayer,
1960), and as solid pieces of mantle peridotite
which have been squeezed into place (Bowen and
Tuttle, 1949; De Roever, 1957). However, regardless
of the method of emplacement, it is generally
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assumed that these peridotites have originated in
the upper mantle.
If the peridotites represent direct samples
of the upper mantle then they should have Sr87/Sr8 6
ratios and Rb/Sr ratios which are compatible with
such an origin.
Any estimate of the Rb/Sr ratio of the upper
mantle must be based on reasonable assumptions as
to the initial Sr 87/Sr 8 6 ratio at the time of the
formation of the earth and the Sr87/Sr8 6 ratio pres-
ently existing in the mantle.
An examination of chondritic meteorite data
indicates that the meteorites had an initial
Sr87/Sr86 ratio of 0.698 (Beiser and Pinson, 1964;
Gast, 1961, 1962; Herzog and Pinson, 1956; Murthy
and Compston, 1964; Pinson et 1., 1963; Shields,
1964; Webster et al., 1957). It has been shown on
the basis of lead isotope studies (Patterson, 1956)
that both the meteorites and the earth are 4.55 b.y.
old. Thus an initial Sr 8 7/Sr 8 6 ratio of 0.698 may
be considered a good approximation for the mantle
of the earth.
The present Sr 8 7/Sr8 6 ratio of the mantle prob-
ably is revealed best in oceanic basalts which
23
presumably have come recently from the upper mantle.
This ratio lies between 0.702 and 0.707 (Faure and
Hurley, 1963; Gast, 1960; Hedge and Walthall, 1963)
and is considered close to 0.704 on the average.
A Rb/Sr ratio of 0.022 is needed to change the
Sr 87/Sr 8 6 ratio from an initial value of 0.698 to
a present ratio of 0.702 in 4.55 b.y. using a Rb87
decay constant of 1.39110~11 yr-1 (Aldrich et al.,
1956). To bring the Sr 87/sr 8 6 ratio up to 0.707
the Rb/Sr ratio has to be 0.048.
Many of the large peridotite bodies such as
the Lizard of Cornwall (Green, 1964), Tinaquillo in
Venezuela (Green, 1963; MacKenzie, 1960), Union Bay
in Alaska (Ruckmick and Noble, 1959), and St. Paul's
Rocks in the Mid-Atlantic (Tilley, 1947) may be un-
altered (at least in part) samples of the upper
mantle. If so, samples from these areas should have
Rb/Sr and Sr 8 7/Sr 8 6 ratios compatible with this
origin.
Some peridotites may be a residual material
which has been left after the extraction of a ba-
saltic magma from the original mantle material.
This method of origin has been suggested by Green
and Ringwood (1963), Hess (1964), and Kushiro and
Kuno (1963). Peridotites which originate in this
manner will be only a part of a total basalt-perido-
tite system. Therefore, these peridotites would
not necessarily have the Rb/Sr and Sr87/Sr 86 ratios
representative of the original mantle material.
The hypothesis that some peridotites may be
original mantle material and that others may be the
residual portion of a peridotite-basalt system has
been tested by measurements of rubidium and stron-
tium concentrations and Sr 8 7/Sr 8 6 ratios of perido-
tites from several geographic locations. These
measurements are reported in this investigation.
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EXPERIMENTAL PROCEDURE
The analytical procedures followed in this in-
vestigation were essentially the same as those de-
scribed by Herzog and Pinson (1956), Herzog et &l.
(1958), and Faure and Hurley (1963). Modifications
to these procedures consisted of using more highly
purified reagents (Shields, 1964) and the substitu-
tion of vycor glass and polypropylene for all pyrex
glassware (Wasserburg et gl., 1964). A detailed
description of these procedures has been described
by Roe (1964). Briefly the procedures are as
follows:
(1) The samples were decomposed in HF and HC104
and dissolved in HCl.
(2) Rubidium and strontium were separated from the
rock solution on Dowex 50W - X8, 200-400 mesh
cation exchange resin columns using 2N H01 as
an eluant..
(3) The rubidium and strontium chlorides were con-
verted to nitrates and mounted on a tantalum
filament for mass spectrometry.
Rubidium and strontium concentrations were
measured by the stable isotope dilution method using
a Rb87 spike and a strontium spike enriched in both
26
Sr84 and Sr ,. The use of a double strontium spike
allows a correction to be made to compensate for
isotopic fractionation during the mass spectromet-
ric analysis.
All of the analyses were made on 600 sector,
6 inch radius, single collector, Nier-type solid
source mass spectrometers using a vibrating reed
electrometer to measure the ion current. One of
the four machines used in this investigation was
chosen as a reference machine and the isotope ratio
measurements made on the other machines were cor-
rected accordingly for constant bias. The maximum
correction applied to the normalized Sr87/Sr 86 ra-
tio measured on any machine was 0.0011.
All of the Sr 8 7/Sr 8 6 ratios were normalized
to a value of 0.1194 for Sr 8 6/Sr 8 8 as is common
practice. This presumably eliminates the effects
of isotopic fractionation in the analysis and con-
siderably improves the precision. However, there
is no assurance at present that 0.1194 is a real
value, but in the event that the real value is
ultimately discovered, the Sr 8 7/Sr 8 6 values which
have been normalized to 0.1194 in this present work
can be normalized to this new value without loss of
27
precision or accuracy to the real value.
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STANDARDS
A reference standard was analysed periodically
to provide a means of detecting any machine drift
with time and to allow inter-machine correlations
to be made. Table 1 gives the results of the anal-
yses of the Eimer and Amend strontium carbonate
standard (lot 492327). This standard was analysed
on each of the machines used during the period of
this investigation. All of the Sr87/Sr86 ratios
have been normalized to Sr 8 6 /Sr 8 8 = 0.1194.
The data indicate that these mass spectrometers
have been remarkably stable during this investiga-
tion.
Sally was chosen as the reference machine since
it was the mass spectrometer primarily assigned to
this investigation and most of the measurements
were made on it. No correction was applied to the
isotope ratio analyses measured on Lulu. A value
of 0.0002 was subtracted from a single analysis
measured on Iris, and a value of 0.0011 was sub-
tracted from all isotope ratio analyses measured on
Nancy.
Table 1. Isotope ratio analyses of'
492327) during the period
Eimer and Amend strontium carbonate (lot
of this investigation
Instrument
Lulu
Date
4-9-63
5-27-63
Ave.
Sr86/Sr88
0.1191
0, 1189
0.1190
Sr/86
0.7086
0.27091
0.7089
(Sr 8 7/Sr 8 6 )W*
0.7075
0.7076
0.7076
Analyst
H. W. Fairbairn
H. W. Fairbairn
12-28-63
1-20-64
2-28-64
5-26-64
6-4-64
6-28-64
7-20-64
Ave.
0.1179
0.1182
0.1186
0.1196
0.1199
0.1183
0. 1192
0.1188
0.7119
0.7108
0.7098
0.7070
0.7061
0.7112
0.7082
0.7093
0.7074
0.7073
0.7074
0.7075
0.7075
0.7078
0.7076
0.7075
Beiser
E. Krogh
B. Krogh
M. Shields
M. Shields
D. Roe
D. Roe
Sally
Table 1. Continued
Instrument
Iris
Nancy
Date
5-27-64
5-29-64
Ave.
5-11-64
5-21-64
6-4-64
6-24-64
6-29-64
7-23-64
Ave.
Sr8 6/Sr88
0.1189
0.1191
0.1190
0.1193
0.1185
0.1188
0.1187-
0.1189
0.1191
0.1189
Sr87/Sr 86
0.7093
0.7085
0.7089
0.7090
0.7111
0.7104
0.7110
0.7102
0.7102
(Sr87/Sr86 )N*
0.7078
0.7076
0.7077
0.7087
0.7084
0.7086
0.7089
0.7085
0.7084
0.7086
Analyst
G. D. Roe
G. D. Roe
R. H. Reesman
R. H. Reesman
R. H. Reesman
R. H. Reesman
R. H. Reesman
G. D. Roe
*Normalized to a value of 0.1194 for Sr 8 6 /Sr 8 8
LABORATORY CONTAMINATION
Blanks were processed routinely as a check on
contamination levels in the chemical procedure.
These blanks were treated exactly the same as the
samples in every respect.
Due to the low level of strontium and rubidium
concentration in the samples, small amounts of spike
were used. Many of the blanks, and some of the sam-
ples, did not produce satisfactory mass spectro-
metric records and were therefore discarded. Table
2 is a list of blank concentrations successfully
measured during the course of this investigation.
The mean and the standard deviation of a single
analysis have been determined for both strontium
and rubidium contamination.
On the basis of these blank analyses a value
of 0.020 ug/g has been subtracted from each stron-
tium concentration measured in the samples. Sim-
ilarly, 0.015 ug/g has been subtracted from the
rubidium concentrations of the samples.
Sr
Conc entration
ug/g
0.016
0.021
0.022
0.023
0.035
0.016
0.012
0.012
0.021
Analyst
Shield s
"t
"
Beiser
Roe
"
Rb
Conc entration
ug/g
0.015
0.013
0.022
0.0097
0.022
0.022
0.008
0.020 ± 0.007
Analyst
Shields
if
Beiser
Roe
I
ft
& -- z 7
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Table 2. Rb and Sr contamination determined by
blank analyses
0.015 ± 0.006
33.
RE SULT S
Sr 8 7/Sr 8 6 Ratios
The Sr 8 7 /Sr 8 6 ratios of the ultramafic samples
have been normalized to a value of 0.1194 for
Sr8 6/Sr 86 and then corrected for machine bias.
These ratios are reported in Table 3. The samples
have been grouped according to the geographical
area of their occurrence in this table.
Samples not analysed in duplicate have been
assigned a standard deviation based on the mean
difference between duplicate analyses (Youden,
1951, p. 16). All duplicate analyses reported are
from separate sample weighings.
These samples include nearly pure dunite, par-
tially serpentinized peridotites, serpentinites,
one pyroxenite (R-3622), and one kimberlite (R-5015).
A description of each of these samples is given in
the Appendix.
Because of the extremely low strontium concen-
tration it was not possible to directly measure the
isotope ratios on samples R-5205 and R-5433. How-
ever, Sr87/Sr86 ratios which were calculated from
the isotope dilution analyses have been included
for these samples. The quality of a calculated
Sr 87/Sr 8 6 ratios for ultramafic rocks
Sr8 6/Sr8 8
0.1189
0.1203
0.1192
Sr87/Sr86
0.7113
0.7051
0.7104
(Sr87/Sr86 )N
0.7098
0.7077
0.7098
(Sr87/sr 86 )**Sr /Sr corr.
0.7087 ± 0.0004
0.7077 ± 0.0004
0.7087 ± 0.0004
Average (Sr 8 7/Sr 8 6 )corr. = 0.7084
West Coast of North America
R-3622 0.1191
0.1197
0.7064
0.7038
0.7055
0.7047
R-5205 . . . . . . . . calculated from I.D. . . . . . . .
Average (Sr87/Br 86 )corr. = 0.7125
0.7055
0.7047
0.7051 ± 0.0006
0.720 ± 0.005
Sample
R-5444
R-5446
R-5448
Table 3. *
Table 3. Continued
Sr 8 6 /Sr 8 8 (Sr 8 7/Sr 8 6 )*N (Sr
87/Sr86 ) **
corr.
East Coast of North America
0.7172
0.7153
0.7119
0.7115
0.7085
Average (Sr 8 7/Sr 8 6 )corr.
0.71490.7151
0.7159
0.7107
0.7136
0.7115
0,7148
0.7149 ± 0.0002
0.7096 ± 0.0004
0.7125 ± 0.0004
0.7104 t 0.0004
= 0.7119
Pacific Ocean
0.7077
0.7076
0.7066
0.7065
0.7066 ± 0.0002
Sample
R-5443 0.1187
0.1196
0.1190
0.1201
0.1204
R-5445
R-5449
R-5447
R- 5418 0.1192
0.1203
0.7083
0.7049
Table 3. Continued
Sr86/Sr88
0.1196
0.1197
. . . .R-5433 . . .
Sr87/Sr86
0.7084
0.7129
(Sr 87/Sr 8 6 )*N
0.7090
0.7138
calculated from I.D. . . . . . . . .
Average (Sr 87/Sr 8 6 )corr. = 0.7109***
(Sr 8 7 /Sr 8 6 )**
corr.
0.7079 * 0.0004
0.7127 * o.ooo4
0.7121 ± 0.0008
Atlantic Ocean****
0.7054
0.7053 ± 0.0002
0.7064
0.7053
o.7056
0.7058 ± 0.0006
Sample
R-3625
R-3626
R-5171
R-5172
0.1199
0.1196
0.1192
0.1194
0.1210
0.7039
0.7045
0.7071
0.7053
0.7011
0.7054
0.7051
0.7064
0.7053
0.7056
Table 3. Continued
Sr86/Sr88
0.1194
0.1189
0.1193
0.1193
Sr87/Sr8 6
0.7067
0.7081
0.7047
0.7048
(Sr87/Sr8 6 )*
0.7067
0.7066
0.7044
0.7047
(Sr87/Sr 8 6 )**
corr.
0.7067
0.7066
0.7067 ± 0.0002
0.7044
0.7047
0.7046 ± 0.0004
Average (Sr 8 7/Sr 8 6 ) corr. = 0.7056
South Africa (Kimberlite)
0.1204 0.7021 0.7050 0.7050 ± 0.0004
Average (Sr 8 7/Sr 8 6 )corr. for all areas = 0.7091
* Normalized to a value of 0.1194 for Sr86/Sr88
** Corrected for machine bias
*** Sample R-5418 has been omitted from the average. This sample is believed
to be hydrothermally altered and is not typical of the dunites.
**** These samples previously reported by Hurley et al. (1964)
Sample
R-5173
R-5174
R-5015
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isotope ratio depends considerably on having the
correct proportion of spike in the sample.
Sample R-5433 was ideally spiked and the qual-
ity of the calculated isotope ratio is considered
to be as high as if the isotope ratio were directly
measured.
It was necessary to considerably overspike
sample R-5205 in order to increase the strontium
concentration to a measurable level. Therefore,
the isotope ratio calculated for this sample is re-
ported to only 3 decimal places instead of the 4
decimal places normally used.
Rb8 7/Sr 8 6 Ratios
The rubidium and strontium concentrations, the
Rb/Sr ratios and the Rb87/Sr 86 ratios of the ultra-
mafic samples are reported in Table 4. The Rb 8 /Sr86
ratios have been calculated for a rubidium decay con-
stant of 1.3910~11 yr-1.
The concentrations have been treated statisti-
cally the same as were the isotope ratios.
Each of the strontium concentrations has been
corrected for fractionation during the process of
the analysis. However, it is not possible to apply
any fractionation correction to the rubidium con-
AI
Rb*
Sample (ug/g), Sr* Rb/Sr(ug/Lg) (wt. Ratio) Rb
8 /Sr86
(Atomic Ratio)
Ural Mountains
R-5444 0.102 4.86
0.085 4.81
R-5446 0.083
0.082
0.914
R-5448 0.146 3.40
0.0210
0.0176
0.0910
0.0430
0.0608
0.0512
0.0560
3.26
Average Rb 8 7/Sr 8 6 = 0.144
West Coast of North America
R-3622 0.110
R-5205 0.050
8.88
0.142
0.0125
0.35
± 0.0068
0.261 ± 0.020
0.124 ± 0.019
0.0359 ± 0.0072
1.0 ± 0.64
Average Rb 8 7/Sr 8 6 = 0.52
East Coast of North America
R-5443 0.380 0.787
R-5445 0.321
0.292
0.360
R-5449 0.098 0.823
0.059 0.782
0.484
0.0891
0.119
0.075
1.38 ± 0.14
0.247 ± 0.006
0.345
0.217
0.281 0.091
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Table 4. Rb and Sr concentrations, Rb/Sr ratios,
and Rb 8 7/Sr 8 6 ratios for ultramafic rocks
Table 4. Continued
Rb*
Sample (ug/g)
Sr* Rb/Sr
(ug/g) (Wt. Ratio)
Rb87/Sr8 6
(Atomic Ratio)
R-5447 0.212 1.51
0.190 1.41
Average Rb
0.135 0, 321
0.400 ± 0.013
87/Sr 8 6 = 0.58
Pacific Ocean
R-5418 8.35 13.7
R-3625 0.079
0.066
0.523
R-3626 0.147 0.499
R-5433 0.110 0.320
0.071 0.307
0.609
0.151
0.295
0.344
0.231
1.77 ± 0.010
0.44 ± 0.070
0.854 ± 0.175
0.996
0.662
0.833 ± 0.232
Average Rb 8 7/Sr 8 6 = 0.71**
Atlantic Ocean
R-5171 0.048 6.85
R-5172 0.049 4.94
0.033 4.90
R-5173 0.298 7.71
0.0070
0.0099
0.0067
0.0386
0.020 1 0.009
0.029
0.012
0.024 ± 0.007
0.112 ± 0.008
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0.140 0.408
R-5174 0.350 12.1
0.332 11.5
Rb/Sr Rb8 7/Sr86
(Wt. Ratio) (Atomic Ratio)
0.0288
0.0290
0.0834
0.0840
0.0837 ± 0.0008
Average Rb 8 7/Sr 8 6 = 0. 060
South Africa (Kimberlite)
R-5015 62.80 488.7 0.129 0.372 ± 0.014
Average Rb8 7/Sr 8 6 for all areas = 0.40
* Corrected for blank contamination: 0.015 ug/g
for Rb, 0.020 ug/g for Sr
** Sample R-5418 omitted from average
Table 4. Continued
Rb* Sr*
Sample (ug/g) (ug/g)
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centration measurements since there are only two
stable isotopes.
DISOUSSION OF RESULTS
Introduction
The Sr 8 7/Sr 8 6 ratios of the ultramafics range
from 0.7046 to 0.7149. 'It was expected that all
of the samples would have low (I.e. 0.702 - 0.707)
Sr 8 7/Sr 8 6 ratios consistent with the expected upper
mantle ratios indicated by basalts. This has not
turned out to be the case. The majority of the
samples have Sr 6 7/Sr 8 6 ratios greater than 0.707.
A relatively high Sr 8 7/Sr 8 6 ratio in a perido-
tite could be explained by one of three alterna-
tives:
(1) The rock had a relatively high Sr 8 7/Sr 8 6
initial ratio at the time of origin.
(2) The rock has been contaminated by material
having a comparatively high Sr 8 7/Sr 8 6 ratio
later in its history.
(3) Sufficient radiogenic Sr87 has been added to
the rock through radioactive decay of Rb87
to raise the Sr 8 7/Sr 8 6 ratio from a "primi-
tive ratio" to its present high ratio. This
means that the peridotite had a high Rb/Sr
ratio.
A relatively high Sr87/Sr8 6 initial ratio
taiisom - - 0220=4 " - __ .- - - I - -
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implies that the rock originated from material that
had reached this Sr 8 7/Sr 8 6 ratio at the time of
rock formation. This might be the expected result
if these peridotites were formed by segregation of
early formed olivine and pyroxene from a material
having a relatively high Sr 87/Sr 8 6 ratio. However,
this is contrary to general opinion as to the origin
of these peridotites, and is not considered a rea-
sonable explanation for the present Sr 8 7/Sr 8 6 ratios
observed.
If the peridotite were contaminated by material
having a higher Sr 8 7/Sr 8 6 ratio, the measured ratio
would be increased according to the extent of the
contamination. This is an easy way to explain the
unexpectedly high ratios and is considered to be a
primary factor in some highly mineralized areas
such as the Urals and Black Lake. Also one perido-
tite sample from the Fantoche Mine (R-5418) in New
Caledonia is highly enriched in rubidium. This
sample has a fairly low Sr 87/Sr 8 6 ratio (0.7066)
for such a high Rb/Sr ratio (0.61). This indicates
that the sample has attained its high rubidium con-
centration very recently, probably not longer ago
than 200 m.y., and insufficient time has elapsed
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to raise the Sr 8 7/Sr 86 ratio significantly.
The assumption that the relatively high
Sr87/Sr 86 ratios are a consequence of high Rb/Sr
ratios is preferred. For most of the peridotites
the rubidium enrichment may be simply a consequence
of greater strontium depletion associated with a
residual manner of origin for these peridotites
(especially the dunites).
A Rb-Sr Model for the Upper Mantle
The Homogeneous Distribution Law
A homogeneous distribution of a trace element
between solid phases and a liquid phase exists under
trace equilibrium conditions. The trace element
(1) is assumed to be equally distributed throughout
the volume of each phase at a concentration of xy
in phase a, xb in phase b, ..... etc., in the con-
ventional notation in which the subscript refers
to the component and the superscript refers to the
phase. The distribution ratio of the trace element
between any two phases is referred to as the par-
tition coefficient (D). For each pair of phases at
equilibrium there is a unique partition coefficient.
The partition coefficient of trace element 1 between
phases a and b in the equilibrium reaction
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G(xa) = G(xb) at constant T and P
can be written as:
b
ab X1D = 
.
xa1
Each phase in a closed system is represented
by a mineral. An additional phase is represented
by any fluid such as a magma in contact with the
solid phases. The phases of interest in the mantle
are:
a = olivine
b = pyroxene
c = garnet
d = amphibole
1 = liquid (magma and volatiles)
Not all of the possible phases will be present in
any system because some phases will not be stable
at the same pressure and temperature at which other
phases are stable. The elements normally found in
the phases not stable at the pressure and temper-
ature of the system will be distributed throughout
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the existing phases.
The trace components of the system are:
1 = Rb 2O
2 = SrO
3...n = all the rest of the trace components.
The homogeneous distribution law is considered
applicable to melting phenomena in the mantle of
the earth. It is likely that very high temperatures
prevailed over a long period of time before and
during melting. The trace elements would become
homogeneously distributed throughout a solid phase
during this time.
The Logarithmic Distribution Law
When a melt cools and crystals begin growing
it becomes difficult for the trace elements to main-
tain a homogeneous distribution in the crystal be-
cause the earlier formed portions of the crystal
are shielded from the melt by the outer layers.
Also in a cooling process an excess of heat is not
available for ionic diffusion in the solid. The
partition coefficient varies logarithmically as
the trace element concentration varies from the
center of the crystal outward and the distribution
is said to follow the logarithmic distribution law.
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The logarithmic distribution law may, in gen-
eral, be applied to the crystallization of a large
body even if individual crystals have formed accord-
ing to the homogeneous distribution law (McIntire,
1963). The removal of earlier formed crystals from
contact with the magma causes the later formed
crystals to be in equilibrium with a magma having
a different trace element concentration. Thus the
distribution of trace elements in a mantle which
has solidified from a molten state should be non-
homogeneous due to crystal fractionation and iso-
lation from the melt. The logarithmic distribution
law applies to mantle phases formed in this manner.
Variation of the Partition Coefficient with Depth
The partition coefficient of a trace element
is a function of the pressure and the temperature.
The chemical potential (u) of the trace element
must be the same in all phases which are in equi-
librium. If trace element 1 is present in two
phases, say solid a and liquid 1, which then are
in equilibrium:
ua(T,P,xa) = uj(T,P,xj)
The concentration function can be separated from
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the temperature and pressure dependence through the
introduction of a standard chemical potential (u0 )
as follows:
Uoa(T,P) + RT ln xa = uO*(T,P) + RT ln x
The partition coefficient can now be expressed as
a function of pressure and temperature and it is
possible to predict its change with depth if equi-
librium measurements have been made for the coex-
isting phases.
1 U oa(TP) - uol(T,P)
ln-- = lnD(T,P) = u
xa RT1
Differentiation of this equation with respect to
P and T gives:
d ln D(TP) = aln D T +2 dP
HO - Hos Vol _ Vos
= 1 1 dT- 1 1 dP
RT2  RT
If the standard enthalpy change (AHO) and the stan-
dard volume change (AV0 ) are considered constant
over the temperature and pressure range of interest,
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the equation can be integrated to find the change
in D as a function of P and T.
D(T2 *P2 ) 4HO(P ,T) (Vo(PT)ln ( T 2T )-(P2 1j
D(P1,T,) RT1 T2  RT2
Since AHO and AV0 are both positive terms for most
materials, the effect of increasing the temperature
from T1 to T2 which causes an increase in D will be
opposed by an increase in pressure from P to P2
which causes a decrease in D.
The Effect of a Change in the Solid Phases as a
Function of Migration of the Liquid Phase
If melting occurs at some depth in the mantle
and the liquid phase migrates upward to a lower
pressure and temperature region, recrystallization
of this magma would produce solid phases in equi-
librium with the new conditions. These solid phases
may be entirely, or partly, different from the
phases which formed the melt at depth.
Deep mantle material is probably a garnet peri-
dotite (Ringwood, 1958, 1962a, 1962b; Yoder and
Tilley, 1962) consisting of essentially three phases;
olivine, pyroxene, and garnet. The distribution of
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trace elements would be a function of the partition
coefficient between these three phases. Assume
trace element 2 is equally distributed between
these phases at a concentration of 150 ppm. Melt
some of this material and then recrystallize it at
a shallow depth. A feldspar phase having a great
affinity for this trace element might form as one
of the solid phases. For the sake of simplicity
assume that the olivine and pyroxene recrystallize
and the feldspar crystallizes in place of the garnet
which existed originally, and that the partition co-
efficient is such that D2 (feldspar/olivine) is 100.
The distribution of the trace element would now be
147 ppm in the feldspar and 1.5 ppm in the olivine
and pyroxene phases.
The distribution of a trace element is not only
a function of pressure and temperature but also a
function of the phases present.
Evaluation of the Partition Coefficient
for Ultramafic Rocks
An indication of the partition coefficient for
trace elements between solid and melt phases can
be found in trace element studies of differentiated,
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layered, intrusions. Rubidium and strontium par-
tition coefficients are indicated by the trace el-
ement concentrations reported by Wager and Mitchell
(1951) for the Skaergaard intrusion, It can be
assumed that if the olivine gabbro originated as a
melt phase in the earth's mantle, the material which
crystallized first (gabbro picrite) is more closely
related to the solid phase in the mantle, as far as
trace element concentrations are concerned, than
the main bulk of the intrusion. Both rubidium and
strontium have a lower concentration in the earlier
crystallized phases than in the magma as a whole.
This means that the partition coefficient (liquid/
solid) is greater than one for both of these ele-
ments at compositions close to the solid mantle
composition. In other words the melt phase, repre-
sented by basalt, is enriched in rubidium and stron-
tium relative to the solid phase, peridotite. It
was also noted that strontium does not seem to asso-
ciate with calcium in the pyroxenes, but a great
enrichment of strontium is found in the feldspars.
Quantitative estimates of these partition coef-
ficients can be made by comparing the results of this
investigation with measurements made on basalts.
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Olivine - Melt
The distribution of rubidium and strontium
between olivine and a melt can be determined from
the concentrations of these elements in dunites and
the oceanic basalts reported by Faure and Hurley
(1963) which are representative of the melt phase.
The average concentrations of these elements in
dunites and basalts are given in Table 5 along
with the partition coefficient between the two
phases.
Table 5. The average concentration in ug/g of
Rb and Sr in dunite and oceanic basalts
and the partition coefficient between
these phases
Oceanic
Dunite Basalt
Component (Olivine) (Melt) Da (Liquid/Solid)
Rb 0.088 22 250
Sr 0.456 492 1080
Serpentine - Melt
A similar comparison of serpentinites from
this investigation and the oceanic basalts gives
values for the partition coefficients of a serpen-
tinized mineral aggregate. Table 6 gives the aver-
age concentrations in ug/g of rubidium and stron-
tium in serpentinite and oceanic basalt and the
partition coefficient between the two rocks.
Table 6. The average concentrations in ug/g of
Rb and Sr in serpentinite and oceanic
basalts and the partition coefficient
between these phases
Oceanic
Serpen- Basalt
Component tinite (Melt) Derp(Liquid/Solid)
Rb 0.13 22 170
Sr 4.37 492 110
Pyroxene - Melt
A single sample of pyroxenite is compared to
the average of the oceanic basalts to estimate the
partition coefficient between pyroxene and melt in
Table 7.
Oceanic
Pyroxenite Basalt
Component (Pyroxene) (Melt)
Rb 0.11 22
Sr 8.88 492
Db (Liquid/Solid)
200
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Effects of Depth of Source Region
Some assumptions must be made before any cal-
culation of the effect of depth on the partition
coefficient can be made.
The trace component is assumed to be present
in a solid solution form and its distribution is
homogeneous in the solid phase. This is a reason-
able assumption because in a melting phenomenen in
the mantle it is most likely that very high tem-
peratures prevailed over a long period of time be-
fore and during the melting.
A simple two-phase system, solid magnesian
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Table 7. The concentrations in ug/g of Rb and Sr
in a pyroxenite, the average concentra-
tions of these elements in oceanic ba-
salts, and the partition coefficients
between these phases
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olivine-pyroxene and basaltic melt, is assumed for
ease in calculation. It is realized that this is
a gross oversimplification, but may serve to indi-
cate any trend in the partition coefficient, ex-
pressed as a function of temperature and pressure
by the equation:
D(P2 ,T2 ) =,dHO(PjT) (V 0 (P, T2 )ln (T 2-T S) - (PI)
D(P1,T ) R T1T2  R T2
The 4fHO and4V0 are not known for rubidium and
strontium. Not only is there a lack of data but
also the nature of the rubidium and strontium in
the olivine or pyroxene crystal lattice is not
known. However, the assumption will be made that
the AV0 and &HO values for metallic rubidium can be
used as reasonable estimates, and will not likely
be off more than an order of magnitude. Since only
the trend of D as a function of depth is desired
these approximations should not greatly affect the
answer. It will be assumed that the trend seen for
rubidium holds for strontium also.
Data from Birch et ,l. (1942) show that for
the melting of metallic rubidium, both fV and AH
are positive quantities which change very little
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over a pressure range of 3500 Kg/cm2 . AV is about
0.01 cm3/g and AH is about 6 cal/g. The pressure
in the upper mantle is assumed to change from about
9000 atmospheres at a depth of 50 km to 140,000
atmospheres at a depth of 400 km (Turner and
Verhoogen, 1960). The melting temperature is esti-
mated to range from about 15000 k to 20000k (esti-
mated from Yoder and Tilley, 1962, Figure 43, p.
498). Solving the equation for the change in D
using these values, it is found that the pressure
term is larger than the temperature term and a de-
crease in D (D2/D 1 = 0.52) is expected with depth.
However, the 6V term decreases with pressure and
may tend to cancel out much of the importance of
the pressure term in the equation. The significant
feature of this calculation is that D does not in-
crease with depth as would be expected on temper-
ature variation alone. In spite of the uncertain-
ties in the values used and in the assumptions, it
may be fairly safely assumed that D (melt/solid)
decreases somewhat with depth.
Use of Oceanic Basalts
Basalts as Whole-Rock Samples of the Upper Mantle
The partition coefficients are so large from
aw
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the available evidence that the peridotites may be
considered to have negligible rubidium and strontium
compared to the liquid phase. This is true at least
in the deeper regions where feldspars or micas are
not present as solid phases.
The oceanic basalts contain essentially all of
the rubidium and strontium that was in the source
material and can therefore be used as whole-rock
samples of the mantle. Whole-rock samples give iso-
chrons extending back in time through events which
have caused a redistribution of rubidium and stron-
tium between mineral phases. Therefore, the whole-
rock analyses give the age of formation of the rock
whereas the individual mineral ages may date a ther-
mal event in the post magmatic history of the rock.
This means that the Rb/Sr and Sr 8 7/Sr 8 6 ratios
in oceanic basalts can be used to extend Sr 8 7/Sr 8 6
development history back in time through the time
of basalt generation in the mantle to the formation
of the mantle source region itself. Therefore, the
oceanic basalts can be used to study the differentia-
tion history of the mantle source regions.
Figure 1 shows the change in Sr 8 7/Sr 8 6 as a
function of time for the oceanic basalts. They show
an average time of intersection with an initial ra-
0.714
0.712
0.710
0.708
Sr870.706 Sr86
0.704
0.702
0.700
0.698
5 4 3 2 1 0
Time (b.y.)
Figure 1. The changes in Sr8 /Sr 86 with time for oceanic basalts
(Plotted from data in Faure and Hurley, 1963)
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tio of 0.698 (cf. chondritic meteorites), or slight-
ly higher, of about 3 b.y. using a rubidium decay
constant of 1.391101 yr~1 (Aldrich et al., 1956).
This suggests that the history of the rubidium
and strontium of the upper mantle was divided into
two parts as follows:
(1) A low Rb/Sr ratio for the first one or two
billion years of the earth's age
(2) A Rb/Sr ratio of about 0.04 for about the
last three billion years
The reverse process of a high Rb/Sr ratio for
the first part of the history (before upper mantle
differentiation) and a lower ratio for the second
part is denied by the partition data.
Change in Rb/Sr Characteristics with Depth
Basalts from shallower regions of the upper
mantle will have higher Sr87/Sr86 ratios because
they have come from regions which have higher Rb/Sr
ratios than deeper portions. There will be a ten-
dency for these same basalts to have lower Rb/Sr
ratios because of the change in partition coeffi-
cient. However, the basalts, containing essentially
all of the available rubidium and strontium, will
not be materially affected by this change in par-
-4
Use of Ultramafic Rocks
The ultranafic residual rocks (referred to as
residuals) are so drained of rubidium and strontium
that they may be neglected in the total basalt-re-
sidual budget. However, they do contain enough of
these elements so that by very refined measurement
they can be used as a separated system for age
studies.
It is very fortunate that the small concentra-
tions of rubidium and strontium are found in the
residuals generally with a relatively high Rb/Sr
tition coefficient. The residuals, having very
little rubidium and strontium, will be more affected
and show an increase in the Rb/Sr ratio. Although
we undoubtedly have samples of the liquid phase
from deeper regions, it is almost certain that we
do not have the corresponding residuals.
We expect the Sr87/Sr86 development lines for
basalts from shallow regions of the mantle to be
steeper than those for deeper derived basalts and,
at the same time, have higher Sr 8 7/Sr 8 6 ratios.
This is schematically illustrated in Figure 2. The
intersection of these lines gives the time of upper
mantle differentiation.
-0.716
-0.714
-0.712
-0.710
- 0.708
Sr87
-0.706 Sr86
c e~.704
e0.702.0- gou \1 0
e
-0.700
- 0.698
5 4 3 2 0 
Time (b.y.)
Figure 2. A schematic representation of Sr /Sr86 with time for
oceanic basalts
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ratio. The development of the Sr 87/Sr 8 6 ratio with
time is, therefore, easily recognizable. This is
particularly true of the dunites which represent
the residue most depleted in these elements.
The residuals represent a useful isolated sys-
tem, as did the basalts, which formed at the time
of partial melting of the mantle source regions.
However, whereas the basalt ,magmas are like whole-
rocks in that they contain essentially all of the
rubidium and strontium, and "look through" the par-
tial melting event back to the formation of the man-
tle source region itself, the residuals see only
the time of partial melting. This was the time of
the major break in their rubidium-strontium history.
If an example of a total system, i.e. basalt
and associated residual, could be found, the
Sr 87/Sr 8 6 development line of the basalt could be
used to solve for the initial Sr 87/Sr 8 6 ratios of
the residual. The intersection of the basalt line
and the residual line would give the time of par-
tial melting in the source region. A schematic
diagram of this is given in Figure 3.
Since we do not have such a total system, we
can only use an average development line for oceanic
0.716
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Time of 
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Partial SrB8
Melting Sr86
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Figure 3. A schematic representation of partial melting in the mantle
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basalts, and examine the samples of individual re-
sidual rocks against this average. In order to
avoid the confusion of too many lines on the dia-
gram only the average value of the residuals from
the following areas have been plotted in Figure 4:
(1) Ural Mountains
(2) West coast of North America
(3) East coast of North America
(4) Pacific Ocean (sample R-5418 has been omitted
from the average because it is not typical of
the dunites from this region)
(5) Atlantic Ocean
It is noteworthy that these intersections are
old. In most cases the ultramafic rock was separated
as a system considerably earlier in the earth's
history than indicated by the local geology.
In the particular case of the Pacific dunites
the samples appear to be quite consistent even
though the outcrops are great distances apart. An
isochron plot of these three dunites is shown in
Figure 5.
The isochron gives an initial Sr 8 7/Sr 8 6 ratio
of about 0.7038 and an age of about 730 m.y. The
inclusion of more samples from this area in future
0.716
1. Ural Mountains
2. West coast of North America 0.714
3. East coast of North America
0.712
4. Pacific Ocean
5. Atlantic Ocean 0.710
0.708 SrS7
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ge do" -0.700
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III I I
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Figure 4. The average Sr87/Sr8 6 development for ultramafics from
various areas
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work should help to refine this line.
Geologic evidence indicates that these dunites
have been intruded into their present positions
within the last 200 m.y. This is significantly
different from the 730 m.y. isochron and adds
considerable support to the idea that the residual
separated as a system earlier in the earth's his-
tory.
Superimposed on the primary time of differen-
tiation of the residuals, there may be secondary
effects at the time of the intrusion to the surface
regions, or later, by contact alteration effects.
For example, the samples from the Vermont-Quebec
area probably suffered rubidium enrichment in the
Acadian. This is suggested by the isochron plot
for these samples shown in Figure 6 which gives an
initial ratio of 0.7085 and an age of 320 m.y.
The emplacement of granitic rocks throughout this
region at about that time supports this conclusion.
Furthermore, referring back to Figure 4, the average
age of these residuals is probably more than 1 b.y.
Effects of Contamination
When discussing trace element concentrations
that are orders of magnitude lower than the average
0.715 -
''0"
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Figure 6. An isochron plot for two peridotites from Black Lake, Quebec and
a serpentinite from Lowell, Vermont
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crustal rocks, it is obvious that there might be
serious contamination of the samples from ground
water, dust, or other volatile substances. Some
conclusions can be drawn regarding this possibility
even when allowing for it.
The samples of ultramafic rocks from geograph-
ically large continental or isolated island areas
such as those from New Caledonia and Puerto Rico
are less likely to be contaminated with high rubid-
ium, high strontium, and high Sr 87/Sr 8 6 bearing
substances than samples from smaller bodies in con-
tinental areas such as Black Lake, Quebec and the
Urals. However, these rubidium-strontium values
are found to be comparable between the samples.
In general the Rb/Sr ratio in crustal areas
is about five times higher than the Rb/Sr ratio in
ultramafic rocks. Therefore, contamination would
be expected to enrich the sample material more in
rubidium than in strontium. How would this affect
the conclusions given above?
(1) The first conclusion regarding the high D
values and the resulting insignificance of
the rubidium and strontium in the residuals
relative to the liquid phase is amplified by
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possible contamination. The rubidium and stron-
tium -concentrations in the residuals could have
been n _ prior to contamination.
(2) The second conclusion regarding the antiquity
of the partial melting process is also ampli-
fied by contamination. If the observed Rb/Sr
ratio in the residuals is too high owing to
contamination, the true value, being lower,
would simply make the Sr87/Sr86 development
line less steep. This would give an even more
ancient time of isolation of the residual sys-
tem. Actually the concordance of the various
Pacific samples suggests that in these cases
at least the contamination has not been sig-
nificant.
Therefore it is believed that the conclusions stated
are basically independent of contamination, even if
some has occurred.
Differentiation History of the Mantle
Initial Homogeneous Mantle
A homogeneous mantle with a Rb/Sr ratio of less
than 0.02 persisted until about > b.y. ago on the
average, with considerable variation. A Sr67/Sr86
ratio of not over 0.700 developed in the mantle
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during this time.
Mantle Differentiation
A general process of differentiation occurred
in the mantle about 3 b.y. ago. Rubidium and stron-
tium were redistributed generally according to the
logarithmic distribution law such that a major re-
gion of the upper mantle acquired a Rb/Sr ratio
about twice what it had been in the first stage.
The Sr87/Sr86 ratio developed in time to the values
found in modern oceanic basalts. This infers that
some strontium remained behind in the mantle some-
where in a residual material that has not yet been
discovered at the surface. A guess would be that
the Rb/Sr ratio in the more dense phases of higher
oxygen coordination existing below about 500 km
would probably be lower than in all the systems
being discussed in this report and, in toto, account
for the difference.
Partial Melting in the Mantle
At various times in the past partial melting
of the upper mantle has resulted in a separation of
basaltic material from ultramafic material. The
time of this partial melting, as indicated by the
residuals, was generally 1 b.y. or longer ago,
although some examples of more recent melting may
be found. It is expected that the partial melting
may be more in accordance with the homogeneous
distribution law.
Conti nental Regions
The higher values for Sr87/Sr 8 6 ratios found
in continental basalts (generally about 0.707 rather
than the 0.704 value found in oceanic basalts) sug-
gest that these magmas came from source materials
which had simply come into existence earlier than
those in the oceanic areas. If the mantle differ-
entiation process mentioned above took place in part
shortly after the earth formed by the same energy
source that differentiated the meteorites (it is
immaterial to this discussion whether the energy
was gravitational or supplied by short-lived radio-
nuclides), the liquid phase resulting from partial
melting of this source material would have reached
a Sr 8 7/Sr 8 6 ratio of 0.707 in about 4.5 b.y. Con-
tinental volcanics could therefore be derived from
the melting of a very early formed universal layer
of basalt (possibly still existing under oceanic
sediments) or a very early formed upper mantle source
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region. However, this subject is the basis of an-
other investigation by Hurley and others, working
on the initial Sr87/Sr8 6 ratios in continental rocks.
Serpentinization
Although the samples range from essentially
unserpentinized peridotites to completely serpentin-
ized rocks, there does not seem to be any correlation
between degree of serpentinization and rubidium-
strontium concentration. Even though a few of the
samples have excessive rubidium which might be asso-
ciated with hydrothermal alteration, the low rubidium
concentration of most of the samples might be con-
sidered suggestive of a magmatic source for the wa-
ter as suggested by Benson (1918); however, Turner
and Verhoogen (1960) have indicated that insuffi-
cient water is available for large scale serpentin-
ization by this method. It is expected that any wa-
ter derived from the degassing of the earth (Rubey,
1951) would be enriched in the alkalis, and might
cause an increase in rubidium concentration propor-
tional to serpentinization. Thus, no rubidium-
strontium evidence has been found for an external
source of the water required for serpentinization.
This is compatible with Hess' (1955b) theory that
IN elma_ -
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the serpentinization has occurred in the mantle prior
to intrusion, but does not offer any direct evidence
to support this or any other hypothesis as to the
origin of the water required for serpentinization.
However, the lack of apparent enrichment does not
eliminate the possibility of an external source which
is itself deficient in rubidium and strontium or the
possibility that these samples are not typical.
Using rubidium as the principal criterion, the
serpentinites (R-5171, R-5172, and R-5173) from the
AMSOC core hole near Mayaguez, Puerto Rico are re-
sidual. However, the strontium content of these
serpentinites is much higher than most of the other
samples. This is noteworthy because it suggests the
possibility that these samples may be contaminated
with sea water.
Contamination of these serpentinites with a
small amount of sea water would not increase the
rubidium concentration because sea water is notably
deficient in rubidium. On the other hand the sea
contains considerable strontium and, therefore, a
small amount of such contamination would give the
observed concentrations.
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Is Primordial Mantle Material Ever Found?
Primordial mantle material should have a Rb/Sr
ratio consistent with the development of the Sr87/Sr86
ratio from an initial value of 0.698 to the present
basalt ratios, which are between 0.702 and 0.707,
in 4.55 b.y. A Rb/Sr ratio of 0.022 is needed to
change the mantle Sr87/Sr86 ratio to 0.702 and a
Rb/Sr ratio of 0.048 is needed to reach 0.707 for
the Sr 7/Sr86 ratio. Also, concentrations about
2 ppm to 5 ppm rubidium and 100 ppm to 200 ppm stron-
tium would be needed to supply the basalt require-
ments.
If this primordial mantle material is ever
found on the surface, one would expect it to be
either eclogite or peridotite from geochemical and
geophysical considerations. It is possible that
both of these rock-types are primordial upper mantle
material: peridotites under the oceanic regions
and eclogites under the continents (Wylie, 1963).
An eclogite xenolith from a kimberlite pipe
reported by Faure and Hurley (1963) has a Rb/Sr
ratio of 0.046 and a Sr 8 7/Sr 8 6 ratio of 0.7058
(corrected from 0.7088 to compensate for a constant
machine bias existing at the time of the measurement).
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The rubidium and strontium concentrations of this
sample are 6.9 ppm and 149 ppm respectively. Thus,
this eclogite has the required rubidium-strontium
characteristics for primordial mantle material.
One of the peridotites analysed is this inves-
tigation from St. Paul's Rocks was considered most
likely to represent primordial mantle material. It
has a Rb/Sr ratio of 0.029 and a Sr 8 7/Sr 8 6 ratio
of 0.7046 which places it well within the values
expected for the mantle. However, its rubidium and
strontium concentrations are only 0.34 ppm and 11.8
ppm respectively which are much too low.
Recent analyses of other peridotites from St.
Paul's Rocks (Hart, in press) indicate that rubidium
and strontium concentrations as high as 1.8 ppm ru-
bidium and 90 ppm strontium have been measured.
Thus, although the sample of St. Paul's Rocks used
in this investigation is too low in rubidium and
strontium concentrations for primordial upper man-
tle material, other peridotite samples from this
island may be found which have the required rubid-
ium-strontium values.
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SUMMARY AND CONCLUSIONS
The following conclusions are drawn from the
rubidium-strontium measurements of ultramafic rocks:
(1) The majority of ultramafic rocks found on the
earth's surface are not primordial mantle ma-
terial. They represent the residual material
left in the upper mantle after partial melting
and removal of a basaltic liquid phase.
(2) Basalts contain essentially all of the rubidium
and strontium from the primary source material
and, therefore, have not had a significant
change in their Rb/Sr ratio or resulting
Sr 8 7/Sr 8 6 ratio. This means that the Sr87/Sr86
development line for a basalt extends back in
time, past the partial melting event, to the
original mantle differentiation time.
(3) Although ultramafics contain very little of
the rubidium and strontium formerly in the
primary source material, they fortunately he
had a significant increase in their Rb/Sr
ratio and resulting Sr 8 7/Sr 8 6 ratio. The
Sr 87/Sr 8 6 development line for an ultramafic
extends back in time only to the partial melt-
ing event.
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(4) The possibility that some peridotites from St.
Paul's Rocks may be primary upper mantle ma-
terial is left open. The sample analysed in
this investigation seems to be at least par-
tially residual.
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R-5171 Serpentinite:
Puerto Rico.
harzburgite),
H. H. Hess.
R-5172 Serpentinite:
Puerto Rico.
harzburgite),
H. H. Hess.
R-5173 Serpentinite:
Puerto Rico.
harzburgite),
AMSOC core hole near Mayaguez,
Type A (serpentinized diopside
depth 74.04 m. Donated by
AMSOC core hole near Mayaguez,
Type A (serpentinized diopside
depth 120.25 m. Donated by
AMSOC core hole near Mayaguez,
Type C (serpentinized diopside
depth 303.70 m. Donated by
H. H. Hess.
R-5174 Peridotite mylonite: St. Paul's Rocks, Mid-
Atlantic Ridge. Donated by H. H. Hess.
R-5205 Dunite: Twin Sisters, Washington. Collected
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APPENDIX: DESCRIPTION OF SAMPLES
R-3622 Pyroxenite: Seneca Quadrangle, Oregon.
Collected by T. P. Thayer.
R-3625 Dunite: N. W. coast of New Caledonia.
Collector unknown.
R-3626 Dunite: Dumbea Creek, New Caledonia.
Collected by W. L. Whitehead.
R-5015 Kimberlite: Kimberley, South Africa, U.S.
Bureau of Standards Kimberlite.
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by P. M. Hurley.
R-5418 Peridotite: Fantoche Mine, N. W. coast of
New Caledonia. Collected by W. L. Whitehead.
R-5433 Dunite: Dun Mountain, New Zealand. Donated
by F. Birch.
R-5443 Peridotite: Black Lake, Quebec. Collected
by C. H. Warren.
R-5444 Dunite: Nizhni Tagil (Urals), Russia.
Collected by W. H. Newhouse.
R-5445 Peridotite: Black Lake, Quebec. Collected
by J. L. Gilson.
R-5446 Serpentinite: Berezovo (Urals), Russia.
Collected by W. H. Newhouse.
R-5447 Serpentinite: Lowell, Vermont. Collector
unknown.
R-5448 Chromite Ore: Saranovskoye (Urals), Russia.
Collected by W. H. Newhouse. The sample
contains about 30 percent serpentine.
R-5449 Dunite: Balsam Gap, North Carolina. U.S.
Bureau of Standards Dunite.
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INTRODUCTION
Rubidium-strontium analyses have been made on
most common rock types. However, the rubidium-poor
and strontium-poor ultramafic rocks have not yet
been investigated. The measurements made by Hart
(1963) on St. Paul's Rocks and on serpentine dredged
from the Puerto Rico Trench are a notable exception.
The lack of rubidium and strontium analyses on
ultramafic rocks arises from the difficulty in
measuring the extremely small quantities of rubidium
and strontium present in these rocks, which are in
the 0.05 to 10 ppm range.
One of the most important problems in analysis
of samples containing extremely small concentrations
of rubidium and strontium is control of contamina-
tion. The improvement in purity of chemical rea-
gents (Shields, 1964) and the elimination of pyrex
glassware (Wasserburg et .l., 1964) led to a marked
reduction in contamination levels and made this re-
search possible.
This has been a reconnaissance investigation.
The ultramafic rocks sampled were selected so as to
provide as broad a basis as possible for future,
more detailed work. The samples were roughly
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divided into a continental group and an oceanic
group on the basis of geographical occurrence.
Faure and Hurley (1963) indicated that continental
basalts have higher Sr87/Sr86 ratios than oceanic
basalts. This was associated with the possibility
that the source regions in the mantle are different
beneath continents and ocean basins. It was ex-
pected that a similar difference might be observed
for the ultramafic rocks which are also considered
to have originated in the mantle. However, no dis-
tinguishing difference in the Rb/Sr ratios or the
Sr87/Sr8 6 ratios between the continental group and
the oceanic group has been noted for these ultra-
mafic rocks. This is not meant to imply that a
difference does not exist between these rock groups.
It is possible that more detailed investigations
will indicate measurable differences between the
Rb/Sr ratios and/or Sr 8 7/Sr 8 6 ratios of continental
ultramafics and oceanic ultramafics.
The ultramafic rocks analysed in this investi-
gation are for the most part alpine-type peridotites
(Benson, 1926; Hess, 1955a). These peridotites are
assumed to have originated in the upper mantle of
the earth. The peridotites found in layered intru-
sions such as the Bushveld or Skaergaard have not
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been included because these are almost certainly
the result of crystal fractionation of a basaltic
magma.
Various hypotheses have been advanced concern-
ing the origin of alpine peridotites and serpentin-
ites. They have been considered to have been em-
placed as a primary peridotitic magma (Hess, 1938;
Noble and Taylor, 1960; Ragan, 1959; Ruckmick and
Noble, 1959; Taylor and Noble, 1960), as a crystal-
mush originating from mantle fractionation (Bowen,
1928; Thayer, 1960), and as solid pieces of mantle
peridotite which have been squeezed into place
(Bowen and Tuttle, 1949; De Roever, 1957). In spite
of the uncertainty as to the method of emplacement,
it is generally assumed that alpine-type perido-
tites have originated in the upper mantle of the
earth.
If peridotites represent samples of the upper
mantle of the earth then they should have Rb/Sr
ratios and Sr 8 7/Sr 86 ratios which are compatible
with such an origin.
Any estimate of the Rb/Sr ratio of the upper
mantle must be based on reasonable assumptions as
to the Sr 8 7/Sr 8 6 ratio of the mantle at the time
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of the formation of the earth and the Sr87/Sr86 ra-
tio presently existing in the mantle.
An examination of meteorite data indicates
that the meteorites had an initial Sr87/Sr86 ratio
of 0.698 (Beiser and Pinson, 1964; Gast, 1961, 1962;
Herzog and Pinson, 1956; Murthy and Compston, 1964;
Pinson et .;., 1963; Shields, 1964; Webster et a_.,
1957). It has been shown on the basis of lead iso-
tope studies (Patterson, 1956) that both the mete-
orites and the earth are 4.55 b.y. old. Thus an
initial Sr 8 7/Sr 8 6 ratio of 0.698 may be considered
a good approximation for the initial ratio of
Sr87/Sr86 in the mantle of the earth.
The present Sr87/Sr86 ratio expected for the
mantle is based on the Sr 8 7/Sr 8 6 ratio measured in
very young basalts. This ratio lies somewhere be-
tween 0.702 and 0.707 (Faure and Hurley, 1963;
Hedge and Walthall, 1963; Gast, 1960).
A model is proposed which assumes that basalts
have originated from various depths in the upper
mantle regions by partial melting of the original
mantle material. The primordial upper mantle ma-
terial has been assumed to be a dunite-peridotite
grading downward into garnet-peridotite (Ringwood,
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1958), or pyrolite (Ringwood, 1962 a, b). The
shallower regions have also been considered to be
feldspathic peridotite or eclogite (Wyllie, 1963).
Basalts are considered as representative of a
liquid, i.e. melt, phase which formed under equi-
librium conditions with solid mantle material dom-
inantly composed of magnesian olivine and pyroxene.
Peridotitic rocks may represent either the original
mantle material or the solid phase which has been
in equilibrium with a basaltic melt.
The question arises as to whether the perido-
tites exposed on the surface of the earth are the
original mantle material, as has been suggested for
many of the large peridotite bodies such as the
Lizard of Cornwall (Green, 1964), Tinaquillo in
Venezuela (Green, 1963; MacKenzie, 1960), Union Bay
in Alaska (Ruckmick and Noble, 1959), and St. Paul's
Rocks in the Mid-Atlantic (Hess, 1960; Kushiro and
Kuno, 1963; Yoder and Tilley, 1962); or residual
material left after the extraction of the basaltic
fraction, as suggested for some peridotites by
Green and Ringwood (1963), Hess (1964), and Kushiro
and Kuno (1963).
If the Rb/Sr ratios of the peridotites analysed
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agree with the values expected for the mantle, then
it is quite likely that these peridotites may repre-
sent relict mantle peridotite. If, on the other
hand, the Rb/Sr ratios do not agree with the values
expected for the mantle, then it is likely that
these peridotites have resulted from some alteration
of mantle material.
The majority of the peridotites analysed in
this investigation have Rb/Sr ratios and Sr 8 7/Sr 8 6
ratios which are not compatible with primordial
mantle material. These rocks are believed to be
residual upper mantle material left after the ex-
traction of a basaltic magma from the primordial
mantle material.
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EXPERIMENTAL PROCEDURE
Chemical Procedure
Many of the samples studied are so poor in ru-
bidium and strontium that the normal laboratory pro-
cedure as described by Herzog and Pinson (1956),
Herzog et al. (1958), and Faure and Hurley (1963),
might result in a contamination level equal to or
greater than the rubidium and strontium concentration
in the sample. The chemical procedures developed
by Shields (1964) were adopted for this investiga-
tion and enabled this work to proceed with contam-
ination at a very low level.
The chemical procedures differ from the nor-
mal laboratory procedure only in purity of reagents
and substitution of vycor glass, teflon, and poly-
propylene for all pyrex glass which, according to
Wasserburg et al. (1964), may contribute materially
to strontium contamination. A lower level of con-
tamination was achieved by redistilling H20, Hl,
and HNO3 in vycor glass; the use of commercial vy-
cor distilled HC10 4 obtained from the G. Frederick
Smith Chemical Company; and the use of HF prepared
by bubbling HF gas through vycor distilled H20.
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-The rocks selected for analysis were cleaned
and cut so as to expose fresh surfaces. In addition
to a piece taken for mass spectrometric analysis a
slab was cut for a thin section from each rock.
The pieces of rock to be analysed were crushed and
ground into a powder with a pica mill grinder.
All samples were coned and quartered to achieve
homogeneity before weighing. Generally 1 gm of sam-
ple was sufficient for an isotope dilution analysis
and 3 gm of sample for an isotope ratio analysis.
However, larger sample weights were needed for a
few of the samples, because the rubidium and stron-
tium concentrations of these samples were so low
that mass spectrometric analysis failed on smaller
amounts.
Those samples intended for isotope ratio anal-
ysis were placed in platinum dishes directly over
a steam bath. The samples intended for isotope di-
lution analysis were spiked with Rb8 7 and Sr84 +
Sr86 before being placed on the steam bath.
The samples were decomposed in HF and H0104
and dissolved in HOl. Approximately 20 ml of 30 N
HF and 5 ml of H104 were added to the platinum
dish containing a typical (1 to 2 gm) sample. The
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mixture was stirred fairly constantly with a teflon
stirring rod and allowed to evaporate to dryness.
Another 20 ml of HF was added and once again taken
to dryness with frequent stirring. It was generally
possible to obtain a clear solution by the addition
of approximately 100 ml 2N HCl after the HF treat-
ment. The solutions were allowed to evaporate down
to the point at which the solution was saturated
and became cloudy then enough H20 was added to ob-
tain a clear solution again. The dishes were then
removed from the steam bath and allowed to cool.
If the sample remained in solution it was washed
into a teflon beaker. Any insoluble residue (gen-
erally some chromite grains were present) was
cleanly separated by centrifugation.
Carrier free Sr8 5 and, for isotope dilution
samples, Rb8 3-Rb84 tracers were added to each sam-
ple for monitoring purposes.
The sample solutions were carefully poured
onto Dowex 50W - X8 cation exchange columns with a
surface area of 0.785 in. 2 , length of 10 in., and
200-400 mesh. These columns were preconditioned
with 2N HCl. The samples were eluted with 2N H01
and approximately 15 ml fractions were collected
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and tracer-monitored with a well-type scintillation
counter.
The separate strontium fractions were combined
and evaporated to a small volume on a covered hot
plate and transferred to 5 ml vycor glass beakers.
The rubidium fractions were combined, evaporated to
a small fraction, and then passed through a column
again to insure maximum rubidium concentration.
After the second time through the column the rubid-
ium was treated exactly the same as the strontium.
A few drops of H0104 were placed in each 5 ml beaker
to oxidize any resin included with the sample. The
beakers were taken to dryness and the H0104 was de-
composed by heating over a Tyrell burner. The sam-
ples were then converted to nitrates by evaporating
in HNO 3 and stored for mass spectrometric analysis.
The strontium spiking solution was prepared by
W. H. Pinson by combining Sr 8 4 and Sr 8 6 concentrates
obtained from Oak Ridge. The atomic fractions of
strontium present in this spike as revealed by mass
spectrometric analyses and described by Krogh (1964),
McNutt (1964), and Shields (1964) are as follows:
Sr84 = 0.2571 Sr87 = 0.06906
Sr8 6 - 0.5036 Sr88 = 0.1702
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This spike has a concentration of 1.048 ug/ml and
is referred to as Sr84 - Sr86 Double Spike (1.05
ug/ml).
The use of a double spike has allowed the cor-
rection for sample fractionation during mass spec-
trometric analysis and also made possible the cal-
culation of Sr 8 7/Sr 8 6 ratios from isotope dilution
analyses.
Two rubidium spikes were used in this investi-
gation. Samples prepared prior to April 3, 1964
were spiked with a solution containing 1.232 ug/ml
of rubidium having an atomic ratio of Rb8 5 = 0.0175
and Rb87 = 0.9825. This spike is referred to as
Dilute Rb8 7 Spike (1.23 ug/ml). Samples prepared
after April 3, 1964 were spiked with a new spike
prepared by combining the unused portions of Rb87
spike over a period of years. This spike is re-
ferred to as Rb87 New Spike (2.72 ug/ml). Four
isotope ratio analyses of this spike are given in
Table II-1.
Table 11-2 lists the results of eleven isotope
dilution analyses of the Rb87 New Spike (2.72 ug/ml).
The spike concentrations determined from seven in-
dependent mixtures of spike and shelf solution and
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Table II-1. Isotopic composition of Rb87 new spike
(~,2.72 ug/ml)
Date
Analysed
8-12-62
9-13-62
7-28-62
Atomic
Percent
Rb85
3.02
3.05
2.89
5-9-64
Atomic
Percent
Rb8 7
96.98
Analyst
Bottino
96.95
97.11
97.04 Roe
Ave. 2.98 97.02
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Table II-2. Concentration of Rb8 7 new spike
Date
Analysed
5-1-64
5-18-64
Concen-
tration
-(ug/ml)
2.773
Analysts
Pinson &
Roe
"
Shelf Solution
M.I.T. Rb
Shelf Solution
(12.23 ug Rb/ml)
Ave. 2.770
2.719
2.764
Ave. 2.771
Pinson &
Shields
t
Shields Rb
Shelf Solution
(71.3 ug Rb/ml)
Ave. 2.723 ug/ml
5-2-64
5-3-64
5-21-64
6-14-64
6-12-64
6-12-64
6-14-64
7-10-64
7-15-64
2.665
2.658
2.754
2.686
2.678
2.71.0
(,v2.72 ug/ml)
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two duplicate analyses of independent mixtures are
given.
The extremely low concentration of rubidium
in most ultramafic rocks dictates a need for max-
imum concentration of rubidium in the element sep-
aration stage. The alkali metals pass through the
column in order of increasing ionic size such that
sodium preceeds potassium which is followed by ru-
bidium. The presence of sodium was detected in
the elution fractions by a simple flame test. After
sodium passed its maximum concentration the elution
fractions were analysed for potassium on a Perkins-
Elmer flame photometer and the relative abundance
of rubidium in each'fraction determined by scintil-
lation counting of the Rb83-Rb8 4 tracer,.
The rubidium fractions were passed through the
cation exchange columns a second time and potassium
and rubidium were once again monitored. Table 11-3
shows the data obtained from three samples having a
potassium concentration high enough to be detected
on the flame photometer. A considerable decrease
in potassium concentration occurs with the second
pass through the cation exchange column.
Considerably better separation of potassium
Table 11-3. Measurements of elution fractions from Dowex 50W - X8 cation
exchange column for three samples (an x has been placed next to
the elution fractions which were combined)
Rb
Activity
852
8272
13028
13768
10516
8556
1220
636
2040
25656
33720
1392
816
528
3708
16560
17924
18196
6692
660
Rb Activity
Minus
Background
152
7572
12328
13068
9816
7856
520
0
1340
24956
33020
692
116
0
3008
15860
17224
17496
5992
0
Approx.
Percent
Rb
0
15
24
25
19
15
1
0
2
42
55
1
0
Sample
A 1-1
A 1-2
A 1-3x
A 1-4x
A 1-5x
A 1-6x
A 1-7
A 1-8
A 2-1
A 2-2x
A 2-3X
A 2-4
A 2-5
B 1-1
B 1-2
B 1-3x
B 1-4x
B 1- 5x
B 1-6x
B 1-7
K Inte-nsity
Flame
Photometer
31.6
30.5
32.0
28.0
9.0
0
0
0
16
0
0
0
0
4.8
9.0
10.2
5.4
0
0
0
5
27
29
29
10
0
Approx.
Percent
K
23
22
23
20
6
0
0
0
11
0
0
0
0
16
31
35
18
0
0
0
Table 11-3. Continued
Rb
Activity
9696
69612
6752
1032
624
668
704
10914
2926
730
4358
10754
3512
930
722
Rb Activity
Minus
Background
8996
68912
6052
332
10214
2226
30
3658
10054
2812
230
22
Approx.
Percent
Rb
K Intensity
Plame -
Photometer
10.5
1.5
0
82
18
0
22
60
Sample,
B 2-1
B 2-2x
B 2-3
B 2-4
B 2-5
0 1-1
C 1-2
C 1-3x
o 1-4x
C 1-5
C 2-1
C 2-2x
C 2-3x
o 2-4
C 2-5
Approx.
Percent
K
36
5
3
29
65
3
0
48
0
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and rubidium was achieved with A1P (ammonium molyb-
dophosphate) columns. These columns were prepared
by the author in an attempt to check the feasibil-
ity of neutron activation analyses for rubidium in
ultramafic rocks. These columns were not used in
this investigation because a blank analysis indi-
cates that the contamination level of these columns
is prohibitively high for mass spectrometric anal-
yses of extremely low concentrations of rubidium.
This does not rule out the feasibility of using
AMP columns not only for neutron activation anal-
ysis, but also for mass spectrometric analysis. A
summary of the MP experiments and recommendations
for future work are given in Appendix II.
The very low concentration of rubidium and
strontium present in some of these samples suggest-
ed the possibility that successful analyses could
be made if large enough samples were analysed. The
difficulty in analysing a large sample may be illus-
trated by the procedure used in analysing a dunite
(R-5433) from Dun Mountain, New Zealand.
Approximately 12 gm of the rock were placed in
a platinum dish and then spiked with both Rb8 7 and
Sr 8 4 -Sr 8 6 spikes. The correct amount of spike to
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be added to this sample was determined from the nor-
mal to spike ratio determined in a prior isotope di-
lution analysis of this rock. Approximately 100 ml
of HF and 20 ml of HC10 4 were added to the platinum
dish to decompose the dunite. This dish and another
dish, treated exactly the same way only containing
no rock, were placed on the steam bath. The mix-
ture was frequently stirred and allowed to go to
dryness. Another 100 ml of HF was added to the
dishes and they were covered and left overnight on
the steam bath. Several attempts to dissolve the
sample in HCl on the following day were unsuccess-
ful. The sample was separated into four platinum
dishes and left covered overnight on the steam bath.
The blank was also divided into four dishes. On
the third day each sample fraction was treated as
a new sample and the normal decomposition and dis-
solution procedures were followed. The sample was
completely in solution by the end of the third day.
Eight cation exchange columns were used, four
of them for the sample and the other four for the
blank. The rubidium and strontium collection frac-
tions from the columns were evaporated to small
volumns. All of the sample rubidium was combined
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and passed through another column and the strontium
was combined and passed through a different column.
The same was done for the blank rubidium and stron-
tium. From this stage the sample and blank were
treated in exactly the same manner as other, smaller,
samples.
Altogether, eight days were used in preparing
this sample for mass spectrometric analysis.
Blanks were processed routinely as a check on
contamination levels in the chemical procedure.
These blanks were treated exactly the same as the
samples in every respect.
Due to the low level of strontium and rubidium
concentration small amounts of spike were used and
therefore many of the blanks, and some of the sam-
ples, did not produce satisfactory mass spectromet-
ric records and were therefore discarded. Table
11-4 is a list of blank concentrations measured
during the course of this investigation. The mean
and the standard deviation of a single analysis
have been determined for both strontium and rubid-
ium contamination.
Sr
Concentration
,ug/g
0.016
0.021
0.022
0.023
0.035
0.016
0.012
0.012
0.021
Ave. 0.020 ±
Analyst
Shields
it
f
Beiser
Roe
it
Rb
Concentration
ug/g
0.015
0.013
0.022
0.0097
0.022
0.022
0.008
0.015 ±
Analyst
Shields
it
Beiser
Roe
"f
f"
"t
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Table 11-4. Rb and Sr contamination determined by
blank analyses
D.007 0.006
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Mass Spectrometry
Description of Mass Spectrometer
All rubidium and strontium analyses were made
on 600 sector, six inch radius single collector
Nier-type solid source mass spectrometers. A total
of four machines were used during this investigation.
Three of the mass spectrometers used (Lulu, Iris,
and Sally) were constructed at M.I.T., and one ma-
chine (Nancy) was commercially built by the Nuclide
Corporation. All machines operate in exactly the
same fashion and use interchangeable power supplies,
amplifiers, regulators, and pressure gauges; there-
fore, a general description will fit any of these
machines.
The sample is placed on a tantalum filament
0.001 inches thick, 0.020 inches wide, and approx-
imately one-half inch long which is spot welded onto
steel posts. Filament heating is accomplished by
passing a 60 cps A.C. current (superimposed on a
positive D.C. accelerating voltage) through the
filament.
The ion beam is accelerated through a field
of -2000 v to -3000 v by a set of slatted plates
at ground potential and focused by a set of inter-
spersed half-plates maintained at an intermediate
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potential.
The mass ranges are scanned or "swept" by
varying the magnetic field strength with a linear
potentiometer control on a constant current source.
The magnetic field is changed at a constant rate
by driving the potentiometer with a constant speed
reversible motor. Adjustable switches are used to
energize relays for motor reversing.
The ion beam current is measured with a vi-
brating reed electrometer and recorded by a roll
chart recorder on 0.10 inch ruled paper.
The extremely low pressures required for res-
olution of the ion beam components is attained
through use of a mercury diffusion pump in series
with a duo-seal mechanical fore pump. Pressures
are monitored with a Veeco vacuum gauge mounted on
the tube and a Pirani vacuum gauge located between
the mercury diffusion pump and the fore pump.
Sample Treatment
Filaments were cleaned by passing a current of
about 2.5 amperes through the filament (normal stron-
tium emission occurred at about 1.5 a.) until the
ion beam intensity in the mass range of interest
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(84 through 88) had decreased below the limit of
detectability.
Samples were removed from the 5 ml beakers by
the addition of one drop of HNO3 . This drop was
repeatedly picked up with a vycor capillary tip
and syringe and dropped into the beaker until it
was felt that the maximum amount of sample was dis-
solved in the HNO 3. Scintillation counts of the
beakers before and after removal of the sample in-
dicated that 60 to 80 percent of the sample had
been removed in every case.
The drop of sample solution was slowly dried
into a small spot on the center of the filament.
Some of the samples were so clean as to leave no
visible evidence on the filament, but most con-
tained sufficient material, tentatively identified
as aluminum with emission spectroscopy by Professor
W. H. Dennen, Cabot Spectrographic Laboratory, to
produce a visible, and at times, bulky, residue.
The presence or absence of this residue seemed to
have no effect on the mass spectrometric analysis.
Operation of Mass Spectrometer
All samples were "conditioned" in the mass
spectrometer by setting the filament current just
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below that required for emission (about 0.5 a. for
rubidium, and about 1.4 a. for strontium). The
conditioning time varied from a few hours for ru-
bidium analyses to as much as 24 hours for some of
the strontium analyses. Two factors were considered
in determining the length of conditioning: (1) the
pressure had to be low enough for resolution of the
ion beam into the mass components present, and (2)
the emission had to be steady enough for repetition
of isotope ratios over an extended period of time,
generally one to four hours.
In spite of the extreme precaution used in sam-
ple preparation and mass spectrometric procedure,
20 percent of the analyses failed to produce sat-
isfactory results and were discarded. The most
common cause of failure was insufficient strontium
concentration in the rock. This resulted in a rapid
decrease in ion beam intensity below the limit of
measurement reliability.
Discussion of Mass Spectrometer Procedure
In order to obtain reliable information from
the measurements, distinct resolution of the ion
beam into its mass components was achieved through
a combination of focus and maintenance of low
pressures (about 10~7 mm Hg) throughout each anal-
ysis. To avoid errors introduced by any non-lin-
earity of the recorder peak heights were kept as
nearly the same height as possible by changing the
scale factor whenever appropriate.
Fig. II-1 is an illustration of a portion of
a strontium isotope ratio analysis record. This
demonstrates resolution and scale factor changes.
Normally 54 sets of peaks were recorded for
each analysis; however, more sets were recorded to
improve the precision of some analyses and less than
54 sets were recorded for a few analyses where
analytical difficulty, e.g. sample emission de-
creased below sensitivity limits of mass spectrom-
eter, was experienced. Analyses involving less than
54 peak sets were included in this work provided the
standard deviations of such analyses were not more
than that of a normal analysis of 54 peak sets.
In addition to the samples and blanks, stan-
dards were run periodically on each of the machines
used for this investigation. The standard used is
Eimer and Amend strontium carbonate, lot 492327.
Table 11-5 gives the mean isotopic ratios of the
standard during the time isotope ratio analyses
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Figure II-1. A portion of a typical mass spec-
trometer record

were made on each machine. The Sr 87/Sr 8 6 ratios
have been normalized to Sr 8 6/Sr 8 8 = 0.1194 (Nier,
1938) in keeping with the general procedure used in
the M.I.T. geochronology laboratory.
Table 11-5. The mean of the isotope ratios measured
on Eimer and Amend SrC03 in the time
period during which isotope ratio
analyses were made on the samples
reported in this investigation
Sr86/Sr88
0.1190
0.1188
0.1190
0.1189
Sr87/Sr86
0.7089
0.7093
0.7089
0.7102
(Sr87/Sr86 )
0.7076
0.7075
0.7077
0.7086
Machine
Lulu
Sally
Iris
Nancy
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DATA EVALUATION
Strontium Isotope Ratio Analyses
The peaks recorded during an analysis were
summed in groups of six and isotope ratios deter-
mined for each group. This procedure minimizes
minor statistical fluctuations in emission intensity
and tends to minimize any bias introduced by over-
all increases or decreases in emission intensity
or amplifier gain.
Generally nine groups of six peak sets were
considered sufficient data for each analysis (see
Discussion of Mass Spectrometer Procedure). Each
ratio was summed over all the groups of the anal-
yses and the mean isotope ratio obtained. All
Sr87/Sr86 ratios were normalized to a value of
0.1194 for Sr8 6/Sr88 in an attempt to correct for
fractionation effects.
The use of the value of 0.1194 for Sr 8 6/Sr 8 8
has been justified for the mass spectrometers used
in the M.I.T. laboratory through many analyses of
the Eimer and Amend standard SrC0 3 such as those
reported by Faure (1961), Powell (1962), and
Schnetzler (1961) which average 0.1194 for Sr86/Sr88
for all these instruments.
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The correction for fractionation depends on
the assumption that for some reason either the
lighter mass isotopes, or the heavier ones, are
enhanced. Regardless of the cause (which is prob-
ably actual fractionation from the filament in the
sample emission) the effect seems to be linear,
.. the 84/88 ratio is affected by twice as much
as the 86/88 ratio, and the 87/88 ratio is affected
only half as much as the 86/88 ratio. To see how
the correction is applied, suppose that the 86/88
ratio is in error by a factor which is a function
of the 86/88 ratio. Then the measured 86/88 ratio
may be expressed in terms of the true 86/88 ratio
as (86/8 8 )m = (86/88 )t i f(86/8 8 )t, where the sub-
scripts m and t refer to measured and true respec-
tively and f is the fractionation factor. The
87/86 ratio will be in error in the opposite sense
such that (87/86 )m = (87/8 6 )t + tf(87/86)t. If
the value of f from the 86/88 ratio is substituted
into the equation for the 87/86 ratio we get:
(86/88)t 
- (86/88) m
(87/86)m = (8 7/8 6 )t - (8 7/ 8 6 )t
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The right hand side of this equation can be ex-
pressed as:
(86/88)t ~ (86/88)t - (86/88)3
(86/88)t
or finally:
(87/86)t = (87/86)m (86/88)t
(86/88)t 
~+ i[(86/88 )t - (86/88) )mI
This equation may be written using a value of 0.1194
for (Sr 8 6/Sr 8 8 )t as follows:
(87/86) N = (87/86)m (.14
0.1194 T [0.i194 - (86/88)mI
The subscript t is replaced with the subscript N to
indicate that the Sr 8 7/Sr 8 6 ratio has been normal-
ized to 0.1194. As an example of the normalizing
procedure a sample which has a Sr 86/Sr ratio of
0.1192 and a Sr 8 7/Sr 8 6 ratio of 0.7082 can be nor-
malized in the following way:
(Sr87/Sr86 )N = 0.7082 0.1194
0.1194 + J(0.1194 - 0.1192)
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which reduces to:
(Sr87/Sr86 )N = 0.7082 0.1194
0.1195
(Sr87/Sr8 6 )N = 0.7076
Table 11-6 gives the analyses of the standard,
Eimer and Amend strontium carbonate lot 492327,
made on each of the machines used during the period
of this investigation. All of the Sr 8 7 /Sr 8 6 ratios
have been normalized by the procedure previously
described. The first two columns give the machine
and the date of the analysis. The measured Sr 8 6/Sr 8 8
ratios, Sr 8 7/Sr 8 6 ratios, and the normalized
Sr 8 7/Sr 8 6 ratios are also given in this table.
Since each of the machines gives a slightly
different answer for the standard, it is assumed
that these machines give different answers for sam-
ples. Sally was chosen as the reference machine
since it was the mass spectrometer assigned to this
investigator and most of the measurements were made
on it. Other mass spectrometers, assigned to other
staff members, also were used when available.
Sr87/Sr8 6 ratios measured on other machines were
1j". aa&k 
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Table 11-6. Isotope ratio analyses of Eimer and Amend strontium carbonate (lot
492327) during the period of this investigation
Instrument
Lulu
Sally
Date
4-9-63
5-27-63
Ave.
12-28-63
1-20-64
2-28-64
5-26-64
6-4-64
6-28-64
7-20-64
Ave.
Sr8 6/Sr88
0.1191
0. 1189
0.1190
0.1179
0.1182
0. 1186
0.1196
0.1199
0. 1183
0.1192
0. 1188
Sr87/Sr 86
0.7086
0.7091
0.7089
0.7119
0.7108
0.7098
0.7070
0.7061
0.7112
0.-7082
0.7093
(Sr 87/Sr 8 6 *
0.7075
0.7076
0.7076
0.7074
0.7073
0.7074
0.7075
0.7075
0.7078
0.7076
0.7075
Analyst
H. W. Fairbairn
H. W. Fairbairn
E.
T.
T.
R.
R.
G.
G.
Beiser
E. Krogh
E. Krogh
M. Shields
M. Shields
D. Roe
D. Roe
Table 11-6.
Instrument
Iris
Continued
Date
5-27-64
5-29-64
Ave.
5-11-64
5-21-64
6-4-64
6-24-64
6-29-64
7-23-64
Ave.
Sr 8 6 /Sr 8 8
0.1189
0,1191
0.1190
0.1193
0. 1185
0.1188
0.1187
0.1189
0.1191
0. 1189
Sr 8 7/Sr 8 6
0.7093
0.7085
0.7089
0.7090
0.7111
0.7104
0.7110
0.7102
0.7092
0.7102
(Sr 87/Sr 8 6 ),N
0.7078
0.7076
0.7077
0.7087
0.7084
0.7086
0.7089
0.7085
0.7084
0.7086
*Normalized to a value of 0.1194 for Sr 8 6 /Sr 8 8
Analyst
D.
D.
H.
H.
H.
H.
H.
D.
Roe
Roe
Reesman
Reesman
Reesman
Reesman
Reesman
Roe
R.
R.
R.
R.
R.
G.
'3
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corrected according to the differences measured in
the standard analyses between the other machines
and Sally. No correction was applied to the iso-
tope ratio analyses made on Lulu by Hurley et a1.
(1964). A value of 0.0002 was subtracted from the
single analysis made on Iris, and a value of 0.0011
was subtracted from all isotope ratio analyses made
on Nancy.
The reproducibility of isotope ratio analyses
on replicate analyses of separately weighed samples
is subject to several sources of error, prominent
among which are:
(1) Inhomogeneities of the sample which persist
through the coning and quartering. This may
be a major source of error when analysing ex-
tremely small concentrations of rubidium and
strontium where the element of interest may
be largely concentrated in a few mineral
phases.
(2) Contamination of the sample in one or more of
the chemical steps involved. This generally
is not considered to be a major source of
error for isotope ratio analyses because blank
analyses (see Table 11-4) are fairly consistent
and, in most cases, indicate that contamination
is at least an order of magnitude lower than
sample concentrations.
(3) Biasing effects caused by possible amplifier
and recorder non-linearity. It is not possible
to evaluate the effects of such variables; how-
ever, the excellent agreement between normal-
ized Sr 87/Sr 8 6 ratios indicate that such bias
as may exist is effectively compensated for by
the normalizing procedure.
To illustrate the reproducibility of normalized
Sr87/Sr8 6 ratio analyses, seven duplicate (each
duplicate was prepared from a separate sample weigh-
ing) analyses are listed in Table 11-7. The second
column gives the normalized Sr 8 7/Sr 8 6 ratios for
duplicate analyses of each of the samples listed in
column one. The standard deviation of the mean (r)
for the single analysis is listed in column three.
In the case of sample R-5172 triplicate analyses
are reported and the extreme difference is used in
column four which is the difference in pairs listed
in column one. The squares of the differences are
tabulated in column five and are used to calculate
a standard deviation from the mean difference for
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Table 11-7. Results of duplicate Sr 8 7/Sr 8 6 isotope
ratio analyses
Sample
No.
Sr 8 7
Sr8 N d (d-d) (d-d)2
R-5171 0.7054 0.0005
0.7051 0.0003 0.0003 0.0001 0.00000001
R-5172 0.7064 0.0003
0.7053 0.0005
0.7056 0.0003 0.0011 0.0007 0.00000049
R-5173 0.7067 0.0004
0.7066 0.0002 0.0001 0.0003 0.00000009
R-5174 0.7047 0.0004
0.7044 0.0003 0.0003 0.0001 0.00000001
R-5418 0.7066 0.0002
0.7065 0.0002 0.0001 0.0003 0.00000009
R-3622 0.7055 0.0004
0.7047 0.0002 0.0008 0.0004 0.00000016
R-5443 0.7149 0.0003
0.7148 0.0002 0.0001 0.0003 0.00000009
d = 0.0004 ± 0.0003
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a single analysis. This method of data treatment
is described by Youden (1951, p. 16).
On the basis of these data all single isotope
ratio analyses are reported with a standard devia-
tion of ± 0.0004. Variations in reproducibility
appear to be statistical, which indicates that the
possible errors mentioned previously have not sig-
nificantly affected these measurements.
Strontium Isotope Dilution Analyses
An isotope dilution analysis differs from an
isotope ratio analysis in that a solution contain-
ing a known concentration of strontium, which has
been enriched in one or more of its isotopes, is
added to the sample. This known solution is re-
ferred to as a spike solution and the sample is
said to have been spiked when a portion of this
solution has been added to the sample.
Strontium isotope dilution analyses were made
in the same fashion as the isotope ratio analyses,
i.e. 54 peak sets, summed in groups of six.
From the known spike concentration and iso-
topic composition and the sample weight it was
possible to calculate the strontium concentration
in the samples. Assuming the strontium isotope
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ratios of the sample are known (by replicate anal-
yses made in the laboratory) an equation relating
sample strontium, referred to as "normal" strontium
(N), and spike strontium (S) may be written as
follows:
The measured Sr86/Sr88 ratio
eauals
The atomic fraction of mass 86 in normal
strontium plus the atomic fraction of mass
86 in spike strontium
divided by
The atomic fraction of mass 88 in normal
strontium plus the atomic fraction of mass
88 in spike strontium
or:
(Sr86/Sr88 )m - (86)N + (86)S
(88)N + (88)S
where: N and S are the concentrations of
normal and spike strontium respec-
tively.
This equation may be solved for a normal to
spike ratio (N/S). The normal to spike ratio must
be corrected for the weight differential of normal
and spike strontium. This weight correction is re-
ferred to as a weight factor and is found by divid-
ing the atomic weight of normal strontium by the
atomic weight of the spike.
An example of the use of this equation for
sample R-5174 is given below:
Weight
0.9589 g.
10.48 ug.
Isotope Atomic Fractions from
Isotope Ratio Analysis
84 86 88
0.0056 0.0986 0.0695 0.8262
0.2571 0.5036 0.0691 0.1702
The spike used is the Sr84.gy86 Double Spike which
has a concentration of 1.048 ug/ml. Ten ml of this
spike were used to spike the 0.9589 g. sample.
This spike has been described by Krogh (1964);
McNutt (1964); and Shields (1964).
Substituting these values in the above equation
we get:
Sr86/Sr88 = 0.5769 =
0.0986 N + 0.5036 S
0.8262 N + 0.1702 S
Sample
R-5174
Spike
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weight factor = atomic weight of N 87.729 = 1.021
atomic weight of S 85.892
1.072 x 1.021 x 10.48 ug
0.9589 g
a 11.97 ug/g
A similar calculation using the measured
Sr84/Sr86 ratio from the analysis gives an answer
of 11.28 ug/g for this sample. Using the same rea-
soning as that used to justify normalizing procedure
for strontium isotope ratio analyses, the assumption
may be made that the discrepancy is caused by iso-
topic fractionation during the analyses. Fraction-
ation effects of this nature should affect the
Sr 8 4 /Sr 8 8 ratio twice as much as the Sr 8 6/Sr 8 8 ratio.
Since the fractionation factor is a function of
peak height we might express this in the form of
two equations:
(1) (Sr86/Sr88 )t = (Sr86/Sr88 )m + f(Sr86/Sr88 )m
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0.4766 N + 0.0982 S = 0.0986 N + 0.5036 S
0.3780 N = 0.4054 S
N/S = 1.072
130
(2) (Sr84/Sr8 8 )t (Sr84/Sr88 )m + 2f(Sr84/Sr8 8 )m
where: f = fractionation factor
m = measured
t = true
(Note: This equation is not strictly true as it
stands. The fractionation factor should
be multiplied times the true, rather than
the measured ratio; however, there is only
a very small difference in these quantities
and this approximation is valid well within
the significant figures carried in this
work.)
Solving the two preceding equations simultane-
ously, one obtains an expression which can be solved
for a normal to spike ratio as before. The two
equations above when written in terms of the example
given, R-5174, take the form:
0.0986 N + 0.5036 s
= (0.5769) + f(O.5769)
0.8262 N + 0.1702 S
0.0056 N + 0.2571 S
= (0.2512) + 2f(0.2512)
0.8262 N + 0.1702 S
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The solution of these equations give a "non-
fractionated" concentration of R-5174 equal to
11.48 ug/g.
The same answer can be obtained from an anal-
ysis which shows fractionation effects by plotting
the line connecting pure sample and pure spike using
Sr84/Sr88 ratios and Sr86/Sr88 ratios as coordinate
axes. The individual groups of peak sets are plot-
ted on the same graph and a least square line is
drawn through these points to the intersection with
the normal to spike line. The intersection of these
lines gives the true Sr8 4/Sr88 and Sr86/Sr88 ratios.
This method of solution is described by Krogh (1964,
p. 152). The problem can be simply stated as fol-
lows: to what value must the measured Sr 8 4/Sr 8 8
and Sr86/Sr88 be adjusted to give identical stron-
tium concentrations in the sample, adhering to the
condition that the Sr 8 4 /Sr 8 8 ratio undergoes twice
the fractionation that the Sr 8 6 /Sr 8 8 undergoes.
Strontium isotope dilution analyses are subject
to the same errors as the isotope ratios and, in
addition, have other sources of errors. One of the
factors contributing to greater error in an isotope
dilution analysis is the compounding of measuring
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errors by mathematical operations on measured ra-
tios. Each term in an isotope dilution equation
has a small uncertainty. The standard deviation
in normal to spike ratio may be an order of magni-
tude higher than the standard deviation of the mean
isotope ratio measurements.
Another factor to consider in any isotope di-
lution analysis is the accuracy of the spiking pro-
cedure. Not only is there a slight uncertainty in
the spike solution concentration, but also there is
a possibility for error in pipetting the spike so-
lution into the sample. However, the pipetting
error can be demonstrated to be generally less than
0.3 percent.
Table 11-8 lists the results of seven duplicate
(separate weighings) strontium isotope dilution anal-
yses. The sample numbers and the concentration of
strontium found are listed in the first two columns.
The third column indicates the difference in anal-
yses of the same sample. The fourth column shows
the difference between the duplicates and the mean
difference of all duplicates. Column five is the
square of the difference listed in column four.
Column six is the error of the duplicates computed
133
Table 11-8. Duplicate strontium isotope dilution
analyses
Sample Sr (ppm)*,
R-5444
R-5448
R-5449
R- 5447
R-5172
R-5433
4.855
4.809
3.404
3.257
0.823
0.782
1.508
1.409
4.938
4.898
0.320
0.307
R-5174 12.144
11.459
d d-d (d-d)2
0.046 0.107 0.011449
0.147 0.006 0.000036
0.41 0.112 0.012544
0.099 0.054 0.002916
0.040 0.113 0.012769
0.013 0.140 0.19600
0.685 0.527 0.277729
0.155
Percent
Error (E)
0.48
2.21
2.56
3.39
0.41
2.07
2.88
Omitting R-5174
d = 0.064 ± 0.029
*A blank correction of 0.020 ug/g has been subtracted
from each of the concentration values.
by the actual deviation from the mean. The standard
deviation from the mean difference of a single anal-
ysis has been calculated the same as was done pre-
viously in Table 11-7 for the duplicate isotope ra-
tio analyses.
The difference in the duplicate analyses of
sample R-5174 is greatly outside the customary five
percent confidence limits and may therefore be dis-
carded from this statistical treatment. Omission
of this set lowers (r to ± 0.029. A variation of
0.064 has been assigned to all single strontium
isotope dilution analyses.
It may be observed that the differences in
duplicate strontium isotope dilution analyses appear
to be independent of the concentration (this is even
more apparent in the rubidium analyses, as will be
seen in the section on rubidium isotope dilution
analyses). This results in the, not too surprising,
observation that the error varies generally in an
inverse relation with concentration.
Figure 11-2 is a plot showing the log percent
error of each duplicate from the mean versus the
log concentration of strontium in each sample. The
percent error represented by d = 0.064 ± 0.029 is
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Figure 11-2. Error as a function of concentration
for Sr I.D. duplicates
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represented by a curve for comparison purposes.
The values were plotted as logarithmic values for
clarity in presentation.
A general improvement in reproducibility of
strontium isotope dilution analyses was achieved
by the corrections for isotope fractionation men-
tioned previously.
Table 11-9 shows the differences in duplicate
analyses calculated from the measured Sr 8 6/Sr 8 8
ratios and the differences in duplicates corrected
for fractionation effects using both the Sr84/Sr88
and Sr 8 6/Sr 8 8 ratios. It can be seen that five of
the seven duplicates are brought into better agree-
ment by the fractionation correction and that, in
some cases, isotope fractionation may be an impor-
tant source of error in an isotope dilution anal-
ysis unless a double spike is used.
Contamination has a much larger effect on iso-
tope dilution analyses than on isotope ratio anal-
yses because the contamination directly affects the
calculated concentrations. A constant blank cor-
rection of 0.020 ug/g has been subtracted from all
strontium isotope dilution analyses. This value of
0.020 ug/g is the mean of nine blank analyses (see
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Table 11-9. Differences in strontium isotope
dilution analyses and differences in
the same analyses when corrected for
fractionation
Difference in Difference After
Concentration Correction for
Sample (from Sr86/Sr8 8 Ratios) Fractionation
R-5444 0.132 0.046
R-5448 0.124 0.147
R-5449 0.047 0.041
R-5447 0.105 0.099
R-5172 0.048 0.040
R-5433 0.032 0.013
R-5174 0.60 0.68
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Table 11-4). The blanks vary from 0.012 ug/g to
0.035 ug/g and the standard deviation of a single
analysis is ± 0.007. The uncertainty in contamina-
tion concentration contributes considerably to the
reproducibility, especially at the lower concen-
tration levels.
Rubidium Isotope Dilution Analyses
The rubidium isotope dilution analyses were
done in the same manner as the strontium isotope
dilution analyses. The calculation of rubidium
concentration is done exactly the same as for the
strontium, except that the Rb8 5/Rb87 ratios are
used.
The reproducibility of the rubidium analyses
was not as good as that for the strontium. The
poorer reproducibility may be accounted for by the
following:
(1) Since all rubidium spike solutions used in
these analyses were prepared by diluting the
Rb8 7 spike solutions described previously,
two separate pipettings were involved in each
sample preparation and spiking errors may be
possibly twice as large as for the strontium
analyses. However, pipetting and weighing
errors are negligibly small and are not con-
sidered a major source of error.
(2) It was not possible to make any correction to
the isotope ratios measured to account for iso-
tope fractionation effects for there are only
two isotopes (non-radioactive) of rubidium.
Although the extent of non-reproducibility
caused by fractionation effects is not known,
it was shown that such corrections resulted
in an improvement in reproducibility for five
of the seven strontium isotope dilution dupli-
cates.
(3) The extremely small concentration of rubidium
in ultramafic rocks increases the effects of
contamination variability on calculated sample
concentrations.
Table II-10 lists the results of nine duplicate
rubidium analyses. Column two lists the results of
the duplicate analyses of the samples listed in
column one; each of the analyses has had 0.015 sub-
tracted from it to correct for the mean rubidium
contamination. The third column gives the differ-
ence in the duplicates. Columns three and four
give the difference between each difference and the
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Table II-10. Duplicate analyses of the rubidium
concentration in nine samples
d (d-d) (d-d) 2
0.029 0.007 0.000049
0.017 0.005 0.000025
0.001 0.021 0.000441
0.039 0.017 0.000289
0.022 0.000 0.000000
0.016 0.006 0.000036
0.039 0.017 0.000289
0.013 0.009 0.000081
0.08 0.004 0.000016
Percent
Error (E)
4.7
9.0
0.6
24.7
5.5
19.5
21.4
8.9
2.6
0.022
d = 0.022 ± 0.009
*A blank correction of 0.015 ug/g has been subtracted
from each of the concentration values.
R-5445
R-5444
R- 5446
R-5449
R-5447
R-5172
R-5433
R-3625
R-5174
0.321
0.292
0.102
0.085
0.083
0.082
0.098
0.059
0.212
0.190
0.049
0.033
0.110
0.071
0.079
0.066
0.350
0.332
mean difference and the square of this value re-
spectively. The fifth column gives the percent of
error of each duplicate from its mean.
The percent of error in an analysis increases
rapidly with a decrease in concentration; however,
the actual difference in duplicate analyses appears
to be independent of concentration (this is the same
relation as that shown by the strontium samples).
Figure 11-3 is a plot of log percent error versus
log concentration of rubidium in the sample. The
errors predicted by d = 0.022 1 0.009 drawn for
comparison. A value of 0.022 ug/g has been assigned
to all single rubidium isotope dilution analyses.
The rubidium blank analyses show a contamina-
tion ranging from 0.008 ug/g to 0.022 ug/g with the
standard deviation of a single analysis equal to
± 0.006. It is quite evident that the variability
in contamination may account for much of the lack
of reproducibility at these concentration levels.
Accuracy
Although the limits of reproducibility can be
defined from repetition of measurements, no claim
as to the accuracy of these measurements can be made
unless completely independent measurements, using
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Figure 11-3. Error as a function of concentration
for Rb ID. duplicates
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another method of analysis, have been compared.
Smales et al. (1964) have compared mass spec-
trometric isotope dilution analyses with neutron
activation for rubidium and cesium concentration
in chondritic meteorites. The rubidium concentra-
tions (which range from 0.8 ppm to 3.9 ppm) deter-
mined by both methods agree remarkably well. The
mean difference in analyses is (mass spectrometer
minus neutron activation) 0.03 * 0.09 ppm which
amounts to 1.4 ± 3.5 percent.
It appears then, that the concentrations de-
termined by isotope dilution analyses may be con-
sidered quite accurate provided replicate analyses
have been made.
Calculation of Sr 8 7/Sr 8 6 Ratios from
Isotope Dilution Analyses
Once an isotope dilution analysis has been
corrected for fractionation, one half of the frac-
tionation correction can be applied to the Sr87/Sr86
ratio. This is the same as the normalizing pro-
cedure previously described. An equation can be
derived for the normalized Sr 8 7/Sr 8 6 ratio from the
known isotope ratios of the spike and an assumption
as to the initial Sr 8 7/Sr 8 6 ratio (before addition
Sr87/Sr 86 = (Sr87/Sr86 )t
(5.1013)(Sr87/Sr 8 6 )t - 0.7000
(19/S)
This equation assumes an initial Sr 87/Sr 8 6 ratio
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of radiogenic Sr as follows:
for the sample alone
Sr 8 7/Sr86 = (Sr 8 7)jN + (Sr 8 7)rN
(Sr8 6 ) N
where: brackets indicate atomic fraction and the
subscripts i and r refer to initial and
radiogenic respectively.
For the mixture of sample and spike:
(Sr8Th1N +(Sr 87 )8)N
(Sr 8 7 /Sr 8 6 )t = 7 + ( rN + (Sr
8 7) S
(Sr8 6 ) N + (Sr8 6 ) S
where: t refers to the measured ratio corrected for
fractionation.
Combining the two equations by substitution for
(Sr87)rN, simplifying, and substituting in the cor-
rect isotope ratios we get:
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of 0.6980. If an initial ratio of 0.7040 is used
the equation becomes:
Sr 8 7/Sr 8 6 = (Sr 87/Sr 8 6 )t
(5.1044)(Sr87/Sr8 6 )t - 0.7000
(N/S)
The Sr 8 7/Sr 8 6 ratios for the samples were cal-
culated from the isotope dilution analyses for the
samples using both 0.6980 and 0.7040 as an initial
ratio. The results of these calculations are com-
pared with measured Sr 8 7/Sr 8 6 ratios in Table II-11.
The normalized Sr87/Sr 86 ratios which were not
analysed on Sally have been corrected to the values
expected if the analysis had been made on Sally.
The calculated Sr 87/Sr 8 6 ratios for an assumed
initial Sr 8 7/Sr 8 6 ratio of 0.6980 and 0.7040 also-
are given in this table.
It can be seen that the agreement between
measured and calculated Sr87/Sr86 ratios is gener-
ally quite good and a fair degree of reliability
can be placed on these calculations.
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Table II-11. Calculated Sr 8 7/Sr 8 6 isotope ratios
(Sr87/Sr 86 ) a
Measured
0.7125
0.7149
0.7104
0.7098
0.7087
0.7077
0.7087
0.7051
0.7067
0.7066
0.7079
0.7127
0.7046
0.7050
Sr87/Sr86
Calculated from an
Initial Ratio of
0.6980
0.7111
0.7158
0.7073
0.7075
0.7097
0.7080
0.7134
0.7063
0.7051
0.7060
0.7096
0.7021
0.7006
0.7063
0.7035
0.7050
0.7040
0.7135
0.7166
0.7091
0.7084
0.7102
0.7086
0.7144
0.7071
0.7056
0.7067
0.7101
0.7062
0.7038
0.7069
0.7041
0.7050
*These values have been corrected for the machine
upon which they were analysed.
R-5449
R-5443
R-5447
R-5445
R-5444
R-5446
R-5448
R-3622
R-5173
R-5418
R-3625
R-3626
R-5174
R-5015
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Decay Equations and Rb87/Sr86 Ratios
Any present Sr87/Sr86 ratio in a whole rock
has been modified somewhat from the initial ratio
(the ratio that existed at the time the rock was
formed) by the addition of radiogenic Sr 8 7 from the
decay of Rb87. The standard rate of decay equation
for radioactive material,
dN = NN
dt
can be solved in terms of abundance and time and
written as:
NP = Noe
where: No = original amount at t = 0
NP = present amount.
This equation can be expressed in Parent-Daughter
terms using Rb8 7 and Sr 8 7 respectively as follows:
Rb p87 = Rb 8 7 e~tp 0
or:
Ro7 = Rbp 8 7 e~t
and since
Rbo8 7 - Rbp 8 7 = Srp8 7 - Sro 87
Srp87 - Sr087 = Rbp87 elt - Rbp87 = Rbp87(eAt - 1)
Since isotope ratios are measured this equation is
divided by Sr 8 6 , which remains constant with time,
so that the final result is:
(Sr87/Sr86 ) - (Sr87/Sr86 )0 = (Rb87/Sr86 ) p(eat _ i)
The isotope atomic ratio (Sr87/Sr 86 )p and the
concentration of rubidium and strontium are obtained
from measurements. The atomic ratio (Rb87/Sr 8 6 )p
is calculated from the concentrations of rubidium
and strontium as follows:
(Rb87/Sr8 6 ) = (Rb/Sr)weight
atomic fraction of Rb87
atomic fraction of Sr86
= (Rb/Sr)weight x K
where:
MSr = atomic weight of strontium
MRb = atomic weight of rubidium
For the samples used in this investigation this
equation reduces to:
(Rb87/Sr86 ), = (Rb/Sr)weight (2.896)
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The minor variations in the Sr 8 6 isotope fraction,
due to different amounts of radiogenic Sr 8 7 in the
rocks analysed, do not materially change the K
factor.
Rubidium/Strontium Ratios
Using the rubidium and strontium concentrations
from isotope dilution analyses, the rubidium to
strontium ratio and the Rb 87/Sr 8 6 ratio can be de-
termined for each analysis.
Table 11-12 lists the results of six duplicate
analyses of both rubidium and strontium and the
ratio of the two. The last column gives the cal-
culated Rb87/Sr8 6 atomic ratio. The concentration
of rubidium and strontium in each row are from the
same sample preparation.
Table 11-13 gives a comparison of the error
in Rb87/Sr8 6 ratios assigned from the standard de-
viations of rubidium and strontium duplicate anal-
yses and the actual error found in these duplicate
analyses. The assigned errors were calculated from
an equation of the form:
k x Ie y k 't [( \2+ [f)2
y *Ory y y / \y
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Table 11-12. Duplicate analyses of both rubidium
and strontium
Sr(ug/gl
4.855
4.809
0.823
0.782
1.508
1.409
4.938
4.898
0.320
0.307
12.14
Rb
0.102
0.085
0.098
0.059
0.212
0.190
0.049
0.033
0.110
0.071
0.350
11.46 0.332
Rb/Sr Rb 8 7/Sr 8 6
0.0210 0.0608
0.0177 0.0512
0.119 0.345
0.075 0.217
0.141 0.408
0.135 0.391
0.0099 0.0287
0.0067 0.0194
0.344 0.996
0.231 0.669
0.0288 0.0834
0.0290 0.0840
R-5444
R-5449
R-5447
R-5172
R-5433
R-5174
Assigned *
Percent Error
23.4
29.0
11.9
53.7
31.7
6.5
Actual
Percent Error
8.6
22.8
2.1
20.8
19.6
0.4
*These errors calculated from the mean Rb and Sr
concentrations using a standard deviation of
i 0.064 for Sr and a standard deviation of ± 0.022
for Rb.
Sample
R-5444
R- 5449
R- 5447
R-5172
R-5433
R-5174
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Table 11-13. Errors in the Rb8 7/Sr 8 6 ratios
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where:
k = 2.895
x = rubidium concentration in ug/g
y = strontium concentration in ug/g
x = 0.022 ug/g
y = 0.064 ug/g
In every Rb87/Sr 86 ratio the assigned error
is less than the actual error involved in duplicate
reproducibility. An error calculated in the above
manner has been assigned to all Rb87/Sr ratios.
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RESULTS
Pacific Ocean
Four samples from the Pacific have been anal-
ysed. Three of the samples are from New Caledonia
and the fourth is from New Zealand. The normalized
Sr 8 7/Sr 8 6 ratios for these samples are given in
Table 11-14. These ratios have been corrected to
a common machine, Sally. The standard deviation
for a single isotope dilution analysis is consid-
ered to be ± 0.0004.
A direct measurement of the Sr 8 7/Sr 8 6 ratio
on sample R-5433 was not possible because of the
extremely low strontium concentration; however,
calculated ratios are reported. This sample was
specially prepared for isotope dilution analysis
(see Experimental Procedure) and was properly
spiked. The choice of an initial Sr 8 7/Sr 8 6 ratio
has little effect on the calculated present
Sr87/Sr86 ratio, and the calculated Sr 8 7/Sr 8 6 ra-
tio is considered to be equal in quality with
directly measured Sr 8 7/Sr 8 6 ratios.
The rubidium and strontium concentrations,
Rb/Sr ratios, and Rb 8 /Sr 8 6 ratios are given--for
these samples in Table 11-15. A standard deviation
Table 11-14. Isotope ratios of the Pacific ultramafic rocks
Sr86
Sr 8 8
0.1192
.1203
Sr 8 7
Sr 8 6
0.7083
.7049
(Sr 8 7)*
(Sr 8 6 )N
0.7077
.7076
0.1196 0.7084 0.7090
0.1197 0.7129 0.7138
(calculated for (Sr 8 7/Sr 8 6 )0
(calculated for (Sr 8 7/Sr 8 6 )0
Machine**
Nancy'
Nancy
Nancy
Nancy
0.6980)
0.7040)
Correction
X10-4
-11
-11
-11
-11
Corrected
(Sr87)
(Sr86 )N
0.7066
0.7066
0.7079
0.7127
0.7118
0.7124
Normalized to a value of 0.1194 for Sr 8 6 /Sr 8 8
The name Nancy refers to one of the four mass
investigation. Corrections to the normalized
made to account for machine bias.
spectrometers used in this
Sr 87/Sr 8 6 ratios have been
Sample
R-5418
R-3625
R-3626
R-5433
*
**
-R
Rb*
Sample (ug/g)
R-5418 8.35
R-3625 0.079
.066
R-3626 0.147
R-5433 0.110
.071
Sr*
(ug/g)
13.7
Rb/Sr
0.609 1.77
0.523 0.151 0.44
Rb8 7/Sr86
± 0.010
± 0.070
0.499 0.295 0.854 ± 0.175
0.320 0.344
.307 .231
0.996
.669
0.833 ± 0.232
*Corrected for blank contamination: 0.020 ug/g
for Sr, 0.015 for Rb
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Table 11-15. Rb and Sr concentrations, Rb/Sr
ratios, and Rb87/Sr8 6 ratios for
Pacific ultramafic rocks
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of ± 0.064 is assigned to each of the strontium
analyses not done in duplicate, and ± 0.022 is
assigned to each rubidium analysis not done in
duplicate.
Atlantic Ocean
A sample of peridotite from St. Paul's Rocks
on the Mid-Atlantic Ridge and three serpentines
from the AMSOC core hole near Mayaguez, Puerto Rico
have been analysed. The normalized Sr 8 7/Sr 8 6 ratios
for these samples are given in Table 11-16. These
ratios were measured by Hurley e al. (1964).
The rubidium and strontium concentrations,
Rb/Sr ratios, and Rb8 7/Sr 8 6 ratios are given in
Table 11-17.
West Coast of North America
Two samples from the west coast have been
analysed. The normalized Sr 8 7/Sr 8 6 ratios for
duplicate analyses of a pyroxinite from Oregon and
for a dunite from Washington are given in Table
11-18.
It was not possible, because of the extremely
small strontium concentration, to make an isotope
ratio analysis on the dunite, sample R-5205; however,
Table 11-16. Isotope ratios of the Atlantic ultramafic rocks
Corrected
Sr86  Sr87 (Sr87)* Correction (Sr87 )
Sample Sr88  Sr8 6  (Sr8 6 )N Machine** X10-4 (Sr86 )
R-5171 0.1199 0.7039 0.7054 Lulu 0 0.7054
.1196 .7045 .7051 Lulu 0 .7051
0.7053***
R-5172 0.1192 0.7071 0.7064 Lulu 0 0.7064
.1194 .7053 .7053 Lulu 0 .7053
.1210 .7011 .7056 Lulu 0 .756
R-5173 0.1194 0.7067 0.7067 Lulu 0 0.7067
.1189 .7081 .7066 Lulu 0 .7066
-0.7067***
R-5174 0.1193 0.7047 0.7044 Lulu 0 0.7044
.1193 .7048 .7047 Lulu 0 .7047
0.7046***
* Normalized to a value of 0.1194 for Sr8 6/Sr88
** The name Lulu refers to one of the mass spectrometers used in this
investigation.
*** These analyses were made by Hurley et al. (1964).
Rb*
Sample (ug/g)
R-5171 0.048
R-5172 0.049
.033
R-5173 0.298
R-5174 0.350
.332
Sr*
(ug/g)
6.85
4.94
4.90
7.71
12.1
11.5
Rb/Sr Rb8 7/Sr86
0.0070 0.020 ± 0.009
0.0099 0.029
.0067 010
006724 * 0.007
0.0386 0.112 * 0.008
0.0288
.0290
0.0834
.0840
0.0837 ± 0.0008
*Corrected for blank contamination: 0.020 ug/g
for Sr, 0.015 for Rb
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Table 11-17. Rb and Sr concentrations, Rb/Sr
ratios, and Rb87/Sr86 ratios for
Atlantic ultramafic rocks
Table II-18. Isotope ratios of ultramafic rocks from the west coast of North
America
Corr cted
Sr8 6  Sr (Sr87)* Correction (Sr 7)
Sample Sr88  Sr86  (Sr8 6 )3 Machine** X10 4  (Sr86 )N
R-3622 0.1191 0.7064 0.7055 Sally 0 0.7055
.1197 .7038 .7047 Sally 0 .7047
0.7051
R-5205 (calculated for (Sr 8 7/Sr 8 6 )0 = 0.6980) 0.6994
(calculated for (Sr 8 7/Sr 8 6 )o = 0.7040) 0.7203
* Normalized to a value of 0.1194 for Sr 8 6/Sr 8 8
** The name Sally refers to the mass spectrometer which has been chosen as
the reference machine. The results from other mass spectrometers have
been corrected to agree with Sally on the basis of replicate standard
analyses.
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Sr 8 7/Sr 8 6 ratios calculated from an isotope dilution
analysis are reported.
Calculated Sr 8 7/Sr 8 6 ratios are nearly the
same for assumed initial Sr87/Sr86 ratios of 0.698
or 0.704 if the sample has been properly spiked.
However, the choice of the initial Sr87/Sr86 ratio
has made a considerable difference in the calculated
Sr 8 7/Sr 8 6 ratios of sample R-5205, which was con-
siderably overspiked.
The rubidium and strontium concentrations, the
Rb/Sr ratios, and the Rb8 7/Sr 8 6 ratios are given
for the west coast samples in Table 11-19. A stan-
dard deviation of ± 0.064 has been assigned to each
strontium analysis and ± 0.022 to each rubidium
analysis.
East Coast of North America
Four samples from the Appalachian peridotite
belt have been analysed. These samples include a
dunite from North Carolina, a serpentinite from
Vermont, and two peridotites from Quebec. The nor-
malized Sr87/Sr86 ratios for these samples are
given in Table 11-20.
A standard deviation of ± 0.0004 is assigned
to each Sr 87/Sr 8 6 ratio not done in duplicate.
r
Table 11-19. Rb and Sr concentrations, Rb/Sr
ratios, and Rb8 7/Sr8 6 ratios for
ultramafic rocks from the west coast
of North America
Rb*
Sample (ug/g)
R-3622 0.110
R-5205 0.050
Sr*
(ug/g) Rb/Sr
8.88
0.142
Rb87/Sr8
0.0125 0.0359 ± 0.0072
0.35 1.0 ± 0.64
*Corrected for blank contamination: 0.020 ug/g
for Sr, 0.015 for Rb,
Table 11-20. Isotope ratios of peridotites from the east coast of North America
Machine**
Iris
Nancy
Nancy
Nancy
Nancy
Correction
X10-4
-2
-11
-11
-11
-11
Corrected
(Sr87)
(Sr86 )N
0.7149
_.7148
0.7149
0.7096
0.7125
0.7104
Normalized to a value of 0.1194 for Sr86/Sr88
The names Iris and Nancy refer to two of the mass spectrometers used in
this investigation. The normalized Sr87/Sr86 ratios have been corrected
to account for machine bias.
Sample
R- 5443
R-5445
R-5449
R-5447
Sr 8 6
Sr 8 8
0.1187
.1196
0.1190
0.1201
0.1204
Sr 87
Sr 8 6
0.7172
.7153
0.7119
0.7115
0.7085
(Sr87)*
(Sr 8 6 )N
0.7151
.7159
0.7107
0.7136
0.7115
*
**
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The rubidium and strontium concentrations, the
Rb/Sr ratios, and the Rb8 7/Sr86 ratios for each of
these samples are given in Table 11-21. A standard
deviation of 1 0.064 is assigned to the strontium
concentration and ± 0.022 to the rubidium concen-
tration for analyses not done in duplicate.
Ural Mountains
Three samples from the Ural Mountains were
analysed: dunite from Nizhni Taguil, serpentinite
from the Berezovo gold field, and chromite ore from
the Saranovskoye chromite deposits.
The normalized Sr 87/Sr 8 6 ratios for these sam-
ples are given in Table 11-22. A standard deviation
of ± 0.0004 is assigned to each Sr 8 7/Sr86 ratio.
The rubidium and strontium concentrations, the
Rb/Sr ratios, and the Rb 87/Sr 8 6 ratios are given
for the samples in Table 11-23. A standard devia-
tion of ± 0.064 is assigned to individual strontium
concentrations and ± 0.022 is assigned to individual
rubidium concentrations.
South Africa
One sample of kimberlite from Kimberley, South
Africa was analysed. Table 11-24 gives the normal-
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Table 11-21. Rb and Sr concentrations, Rb/Sr
ratios, and Rb8 7/Sr 8 6 ratios for
peridotites from the east coast of
North America
Rb*
Sample (ug/g)
R-5443 0.380
R-5445 0.321
.292
R-5449 0.098
.059
R-5447 0.212
.190
Sr*
(ug/g )
0.787
3.60
0.823
.782
1.51
1.41
Rb! S Rb87/Sr8
0.484 1.40 i 0.14
0.0891 0.247 ± 0.006
0.119 0.345
.075 .200
0.140
.135
0.408
,31
06.400 - 0.013
*Corrected for blank contamination: 0.020 ug/g
for Sr, 0.015 for Rb
Table 11-22. Isotope ratios of the Ural Mountain ultramafic rocks
Machine**
Nancy
Sally
Nancy
Correction
X10- 4
-11
0
-11
Corrected
(Sr 87)
(Sr86 )N
0.7087
0.7077
0.7087
* Normalized to a value of 0.1194 for Sr86/Sr88
** The names Nancy and Sally refer to two of the mass spectrometers used in
this investigation. Sally was chosen as the reference machine and the
corrections applied to the measurements on Nancy are based on machine bias
indicated by replicate analyses on a common standard.
Sample
R-5444
R-5446
R-5448
neSr8 6
Sr 8 8
0.1189
0. 1203
0.1192
Sr 8 7
Sr 8 6
0.7113
0.7051
0.7104
(Sr 8 7)*
(Sr 8 6 )N
0.7098
0.7077
0.7098
Rb*
Sample (ug/g)
R-5444 0.102
.085
R-5446 0.083
.082
R-5448 0.146
Sr*
(ug/g)
4.86
4.81
0.914
3.40
3.26
Rb/Sr Rb87/Sr8 6
0.0210 0.0608
.0176 .051
.00* 0.0068
0.0910 0.261 ± 0.020
0.0430 0.124 ± 0.019
*Corrected for blank contamination: 0.020 ug/g
for Sr, 0.015 for Rb
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Table 11-23. Rb and Sr concentrations, Rb/Sr
ratios, and Rb8 7/Sr 8 6 ratios for
Ural Mountain ultramafic rocks
Table 11-24. Isotope ratios of kimberlite
Machine**
Correction
X10-4
Sally
Corre ted
(Sr 7)
(Sr8 6 )
0.7050
* Normalized to a value of 0.1194 for Sr86/Sr88
** The name Sally refers to the mass spectrometer used as a reference machine
in this investigation.
Sample
R-5015
Sr86
Sr 8 8
0.1204
Sr 8 6
0.7021
(Sr87)*
(Sr 8 6 ) N
0.7050
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ized Sr 8 7/Sr 8 6 ratio for this sample. A standard
deviation of ± 0.0004 is assigned to the Sr87/Sr8 6
ratio.
The rubidium and strontium concentrations, the
Rb/Sr ratio, and the Rb87/Sr 8 6 ratio for this sam-
ple are given in Table 11-25. The kimberlite is
two orders of magnitude larger in rubidium and
strontium concentration than the other samples.
The actual reproducibility at this level is much
better percentagewise than at the lower concentra-
tions; however, a conservative approach is taken
and standard deviations of ± 6.4 and ± 2.2 are
assigned to the strontium and rubidium concentra-
tions respectively.
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Table 11-25.
Sample
R-5015
Rb*
(ug/g)
62.80
Rb and Sr concentrations, Rb/Sr
ratio, and Rb 8 7/Sr 8 6 ratio for
kimberlite
Sr*
(ug/g)
488.7
Rb/Sr
0.129
Rb87/Sr86
0.372 ± 0.014
*No correction for blank contamination need be
applied at these high concentrations.
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DISCUSSION OF RESULTS
Introduction
The Sr87/Sr86 ratios of the ultramafics range
from 0.7046 to 0.7149. It was expected that all
of the samples would have low (i.e. 0.702 - 0.707)
Sr87/Sr86 ratios consistent with the expected upper
mantle ratios indicated by basalts. This has not
turned out to be the case since the majority of the
samples have Sr87/Sr86 ratios greater than 0.707.
A relatively high Sr87/Sr86 ratio in a perido-
tite could be explained by one of three alterna-
tives:
(1) The rock had a relatively high Sr 8 7/Sr 8 6
initial ratio at the time of origin.
(2) The rock has been contaminated by material
having a comparatively high Sr 87/Sr 8 6 ratio
later in its history.
(3) Sufficient radiogenic Sr 8 7 has been added to
the rock through radioactive decay of Rb8 7
to raise the Sr87/Sr86 ratio from a "primi-
tive ratio" to its present high ratio. This
means that the peridotite had a high Rb/Sr
ratio.
A relatively high Sr87/Sr86 initial ratio
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implies that the rock originated from material that
had reached this Sr 8 7/Sr 8 6 ratio at the time of
rock formation. This might be the expected result
if these peridotites were formed by segregation of
early formed olivine and pyroxene from a material
having a relatively high Sr 8 /Sr 86 ratio. However,
this is contrary to general opinion as to the origin
of these peridotites, and is not considered a rea-
sonable explanation for the present Sr 87/Sr 8 6 ratios
observed.
If the peridotite were contaminated by material
having a higher Sr 87/Sr 8 6 ratio the measured ratio
would be increased according to the extent of the
contamination. This is an easy way to explain the
unexpectedly high ratios and is considered to be a
primary factor in some highly mineralized areas
such as the Urals and Black Lake. Also one perido-
tite sample from the Fantoche Mine (R-5418) in New
Caledonia is highly enriched in rubidium. This
sample has a fairly low Sr87/Sr86 ratio (0.7066)
for such a high Rb/Sr ratio (0.61). This indicates
that the sample has attained its high rubidium con-
centration very recently, probably not longer ago
than 200 m.y., and insufficient time has elapsed
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to raise the Sr87/Sr86 ratio significantly.
The assumption that the relatively high
S7/Sr ratios are a consequence of high Rb/Sr
ratios is preferred. For most of the peridotites
the rubidium enrichment may be simply a consequence
of greater strontium depletion associated with a
residual manner of origin for these peridotites
(especially the dunites).
A Rb-Sr Model for the Upper Mantle
The Homogeneous Distribution Law
A homogeneous distribution of a trace element
between solid phases and a liquid phase exists under
trace equilibrium conditions. The trace element
(1) is assumed to be equally distributed throughout
the volume of each phase at a concentration of 4a
b1
in phase a, x$ in phase b, ..... etc., in the con-
ventional notation in which the subscript refers
to the component and the superscript refers to the
phase. The distribution ratio of the trace element
between any two phases is referred to as the par-
tition coefficient (D). For each pair of phases at
equilibrium there is a unique partition coefficient.
The partition coefficient of trace element 1 between
phases a and b in the equilibrium reaction
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G(xa) =,G(xb) at constant T and P
1 1
can be written as:
b
ab 11
x a1
Each phase in a closed system is represented
by a mineral. An additional phase is represented
by any fluid such as a magma in contact with the
solid phases. The phases of interest in the mantle
are:
a = olivine
b = pyroxene
c = garnet
d = amphibole
1 = liquid (magma and volatiles)
Not all of the possible phases will be present in
any system because some phases will not be stable
at the same pressure and temperature at which other
phases are stable. The elements normally found in
the phases not stable at the pressure and temper-
ature of the system will be distributed throughout
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the existing phases.
The trace components of the system are:
1 = Rb 2 O
2 = SrO
3...n = all the rest of the trace components.
The homogeneous distribution law is considered
applicable to melting phenomena in the mantle of
the earth. It is likely that very high temperatures
prevailed over a long period of time before and
during melting. The trace elements would become
homogeneously distributed throughout a solid phase
during this time.
The Logarithmic Distribution Law
When a melt cools. and crystals begin growing
it becomes difficult for the trace elements to main-
tain a homogeneous distribution in the crystal be-
cause the earlier formed portions of the crystal
are shielded from the melt by the outer layers.
Also in a cooling process an excess of heat is not
available for ionic diffusion in the solid. The
partition coefficient varies logarithmically as
the trace element concentration varies from the
center of the crystal outward and the distribution
is said to follow the logarithmic distribution law.
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The logarithmic distribution law may, in gen-
eral, be applied to the crystallization of a large
body even if individual crystals have formed accord-
ing to the homogeneous distribution law (McIntire,
1963). The removal of earlier formed crystals from
contact with the magma causes the later formed
crystals to be in equilibrium with a magma having
a different trace element concentration. Thus the
distribution of trace elements in a mantle which
has solidified from a molten state should be non-
homogeneous due to crystal fractionation and iso-
lation from the melt. The logarithmic distribution
law applies to mantle phases formed in this manner.
Variation of the Partition Coefficient with Depth
The partition coefficient of a trace element
is a function of the pressure and the temperature.
The chemical potential (u) of the trace element
must be the same in all phases which are in equi-
librium. If trace element 1 is present in two
phases, say solid a and liquid 1, which then are
in equilibrium:
ua(T,P,xa) = u (T1P~x )
The concentration function can be separated from
X 1
In- = lnD(T,P) =
x a
uoa(T,P) - u 1 (TP)
RT
Differentiation of this equation with respect to
P and T gives:
d ln D(TP) = dT + -ln dP3 T )p P )T
ol os ol osH1  H dT V 
- dP
RT RT
If the standard enthalpy change (AHO) and the stan-
dard volume change (AVO) are considered constant
over the temperature and pressure range of interest,
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the temperature and pressure dependence through the
introduction of a standard chemical potential (u0 )
as follows:
Uoa(T,P) + RT ln x = uo1 (T,P) + RT in
The partition coefficient can now be expressed as
a function of pressure and temperature and it is
possible to predict its change with depth if equi-
librium measurements have been made for the coex-
isting phases.
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the equation can be integrated to find the change
in D as a function of P and T.
D(T2_2) jHo(PjT) AV0 (P,T 2 )ln (T 2 - T) - (2~ 1_
D(P 1,T1 ) RT1 T2  RT2
Since4H0 and AVO are both positive terms for most
materials, the effect of increasing the temperature
from T, to T2 which causes an increase in D will be
opposed by an increase in pressure from P1 to P2
which causes a decrease in D.
The Effect of a Change in the Solid Phases as a
Function of Migration of the Liquid Phase
If melting occurs at some depth in the mantle
and the liquid phase migrates upward to a lower
pressure and temperature region, recrystallization
of this magma would produce solid phases in equi-
librium with the new conditions. These solid phases
may be entirely, or partly, different from the
phases which formed the melt at depth.
Deep mantle material is probably a garnet
peridotite (Yoder and Tilley, 1962) consisting of
essentially three phases; olivine, pyroxene, and
garnet. The distribution of trace elements would
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be a function of the partition coefficient between
these three phases. Assume trace element 2 is
equally distributed between these phases at a con-
centration of 150 ppm. Melt some of this material
and then recrystallize it at a shallow depth. A
feldspar phase having a great affinity for this
trace element might form as one of the solid phases.
For the sake of simplicity assume that the olivine
and pyroxene recrystallize and the feldspar crys-
tallizes in place of the garnet which existed orig-
inally, and that the partition coefficient is such that
D2 (feldspar/olivine) is 100. The distribution of
the trace element would now be 147 ppm in the feld-
spar and 1.5 ppm in the olivine and pyroxene phases.
The distribution of a trace element is not
only a function of pressure and temperature but
also a function of the phases present.
Evaluation of the Partition Coefficient
for Ultramafic Rocks
An indication of the partition coefficient for
trace elements between solid and melt phases can
be found in trace element studies of differentiated,
layered, intrusions. Rubidium and strontium par-
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tition coefficients are indicated by the trace
element concentrations reported by Wager and Mitchell
(1951) for the Skaergaard intrusion. It can be
assumed that if the olivine gabbro originated as a
melt phase in the earth's mantle, the material which
crystallized first (gabbro picrite) is more closely
related to the solid phase in the mantle, as far as
trace element concentrations are concerned, than
the main bulk of the intrusion. Both rubidium and
strontium have a lower concentration in the earlier
crystallized phases than in the magma as a whole.
This means that the partition coefficient (liquid/
solid) is greater than one for both of these ele-
ments at compositions close to the solid mantle
composition. In other words the melt phase, repre-
sented by basalt, is enriched in rubidium and stron-
tium relative to the solid phase, peridotite. It
was also noted that strontium does not seem to asso-
ciate with calcium in the pyroxenes, but a great
enrichment of strontium is found in the feldspars.
Quantitative estimates of these partition co-
efficients can be made by comparing the results of
this investigation with measurements made on ba-
salts.
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Olivine - Melt
The distribution of rubidium and strontium
between olivine and a melt can be determined from
the concentrations of these elements in dunites and
the oceanic basalts reported by Faure and Hurley
(1963) which are representative of the melt phase.
The average concentrations of these elements in
dunites and basalts are given in Table 11-26 along
with the partition coefficient between the two
phases.
Table 11-26. The average concentration in ug/g of
Rb and Sr in dunite and oceanic basalts
and the partition coefficient between
these phases
Oceanic
Dunite Basalt
Component (Olivine) (Melt) Da (Liquid/Solid)
Rb 0.088 22 250
Sr 0.456 492 1080
Table 11-27.
Component
Rb
Sr
The average concentrations in ug/g
of Rb and Sr in serpentinite and
oceanic basalts and the partition
coefficient between these phases
Serpen-
tinite
0.13
4.37
Oceanic
Basalt
(Melt)
22
492
DSerp(Liquid/Solid)
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Pyroxene - Melt
A single sample of pyrorenite is compared to
the average of the oceanic basalts to estimate the
partition coefficient between pyroxene and melt in
Table 11-28.
Serpentine - Melt
A similar comparison of serpentinites from
this investigation and the oceanic basalts gives
values for the partition coefficients of a serpen-
tinized mineral aggregate. Table 11-27 gives the
average concentrations in ug/g of rubidium and
strontium in serpentinite and oceanic basalt and
the partition coefficient between the two rocks.
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Table 11-28. The concentrations in ug/g of Rb and
Sr in a pyroxenite, the average con-
centrations of these elements in
oceanic basalts, and the partition
coefficients between these phases
Component
Rb
Sr
Pyroxenite
(Pyroxene)
0.11
8.88
Oceanic
Basalt
(Melt)
22
492
Db (Liquid/Solid)
200
56
Effects of Depth of Source Region
Change in Partition Coefficient
Some assumptions must be made before any cal-
culation of the effect of depth on the partition
coefficient can be made.
The trace component is assumed to be present
in a solid solution form and its distribution is
homogeneous in the solid phase. This is a reason-
able assumption because in a melting phenomenen in
the mantle it is most likely that very high tem-
peratures prevailed over a long period of time be-
fore and during the melting.
A simple two-phase system, solid magnesian
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D(P 2 ,T 2 ) AHo(P 1 ,T)
ln (T 2 -Tj) -
D(Ps,T 1 ) R T 1T2
V (P, T2 )
R T2
The 6HO and V 0 are not known for rubidium and
strontium. Not only is there a lack of data but
also the nature of the rubidium and strontium in
the olivine or pyroxene crystal lattice is not
known. However, the assumption will be made that
the AVO and tHO values for metallic rubidium can be
used as reasonable estimates, and will not likely
be off more than an order of magnitude. Since only
the trend of D as a function of depth is desired
these approximations should not greatly affect the
answer. It will be assumed that the trend seen for
rubidium holds for strontium also.
Data from Birch et Cl. (1942) show that for
the melting of metallic rubidium, both AV and 8H
are positive quantities which change very little
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olivine-pyroxene and basaltic melt, is assumed for
ease in calculation. It is realized that this is
a gross oversimplification, but may serve to indi-
cate any trend in the partition coefficient, ex-
pressed as a function of temperature and pressure
by the equation:
over a pressure range of 3500 Kg/cm2 . 8V is about
0.01 cm3 /g and AH is about 6 cal/g. The pressure
in the upper mantle is assumed to change from about
9000 atmospheres at a depth of 50 km to 140,000
atmospheres at a depth of 400 km (Turner and
Verhoogen, 1960). The melting temperature is es-
timated to range from about 15000 k to 20000k (es-
timated from Yoder and Tilley, 1962, Figure 43,
p. 498). Solving the equation for the change in D
using these values, it is found that the pressure
term is larger than the temperature term and a de-
crease in D (D2/D1 = 0.52) is expected with depth.
However, the AV term decreases with pressure and
may tend to cancel out much of the importance of
the pressure term in the equation. The significant
feature of this calculation is that D does not in-
crease with depth as would be expected on temper-
ature variation alone. In spite of the uncertain-
ties in the values used and in the assumptions, it
may be fairly safely assumed that D (melt/solid)
decreases somewhat with depth.
Variation in Rb and Sr Concentrations
If a geochemical differentiation of the earth's
mantle occurred at some stage of the earth's history,
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the rubidium concentration should increase upward
in the mantle and the strontium concentration should
be nearly constant or decrease somewhat upwards.
A geochemical differentiation of the mantle
is assumed to have occurred and may still be occur-
ring. If the earth were ever in a molten state a
simple gravitation separation would concentrate
the lighter alkali elements upwards. Convection
currents in the mantle also could be a mechanism
for moving lighter material upward. Rubey (1951)
suggested that an upward migration of volatile ma-
terial has been occurring in the mantle and mantle
inhomogeneity with depth has been suggested for the
rare-earth elements by Masuda and Matsui (1963) and
for rubidium by Powell et al. (1963).
Use of Oceanic Basalts
Basalts as Whole-Rock Samples of the Upper Mantle
The partition coefficients are so large from
the available evidence that the peridotites may be
considered to have negligible rubidium and strontium
compared to the liquid phase. This is true at least
in the deeper regions where feldspars or micas are
not present as solid phases.
The oceanic basalts contain essentially all of
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the rubidium and strontium that was in the source
material and can therefore be used as whole-rock
samples of the mantle. Whole-rock samples give iso-
chrons extending back in time through events which
have caused a redistribution of rubidium and stron-
tium between mineral phases. Therefore, the whole-
rock analyses give the age of formation of the rock
whereas the individual mineral ages may date a ther-
mal event in the post magmatic history of the rock.
This means that the Rb/Sr and Sr 8 7/Sr 8 6 ratios
in oceanic basalts can be used to extend Sr87/Sr 86
development history back in time through the time
of basalt generation in the mantle to the formation
of the mantle source region itself. Therefore, the
oceanic basalts can be used to study the differentia-
tion history of the mantle source regions.
Figure 11-4 shows the change in Sr 8 7/Sr 8 6 as a
function of time for the oceanic basalts. They show
an average time of intersection with an initial ra-
tio of 0.698 (cf. chondritic meteorites), or slight-
ly higher, of about 3 b.y. using a rubidium decay
constant of 1.39x10~11 yr~ (Aldrich et gl., 1956).
This suggests that the history of the rubidium
and strontium of the upper mantle was divided into
0.714
0.712
0.710
0.708
Sr8 70.706 Sr86
0.704
-0.702
23
-0.700
- 0.698
| | I I
5 4 3 2 I 0
Time (b.y.)
Figure II-4. The changes in Sr87/Sr86 with time for oceanic basalts
(Plotted from data in Faure and Hurley, 1963)
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two parts as follows:
(1) A low Rb/Sr ratio for the first one or two
billion years of the earth's age
(2) A Rb/Sr ratio of about 0.04 for about the last
three billion years
The reverse process of a high Rb/Sr ratio for
the first part of the history (before upper mantle
differentiation) and a lower ratio for the second
part is denied by the partition data.
Change in Rb/Sr Characteristics with Depth
Basalts from shallower regions of the upper
mantle will have higher Sr 8 7/Sr 8 6 ratios because
they have come from regions which have higher Rb/Sr
ratios than deeper portions. There will be a ten-
dency for these same basalts to have lower Rb/Sr
ratios because of the change in partition coeffi-
cient. However, the basalts, containing essentially
all of the available rubidium and strontium, will
not be materially affected by this change in par-
tition coefficient. The residuals, having very
little rubidium and strontium, will be more affected
and show an increase in the Rb/Sr ratio. Although
we undoubtedly have samples of the liquid phase
from deeper regions, it is almost certain that we
A.-- .. _MMMM,___ -
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do not have the corresponding residuals.
We expect the Sr87/Sr 86 development lines for
basalts from shallow regions of the mantle to be
steeper than those for deeper derived basalts and,
at the same time, have higher Sr /Sr86 ratios.
This is schematically illustrated in Figure 11-5.
The intersection of these lines gives the time of
upper mantle differentiation.
Use of Ultramafic Rocks
The ultramafic residual rocks (referred to as
residuals) are so drained of rubidium and strontium
that they may be neglected in the total basalt-re-
sidual budget. However, they do contain enough of
these elements so that by very refined measurement
they can be used as a separated system for age
studies.
It is very fortunate that the small concentra-
tions of rubidium and strontium are found in the
residuals generally with a relatively high Rb/Sr
ratio. The development of the Sr87/Sr86 ratio
with time is, therefore, easily recognizable. This
is particularly true of the dunites which repre-
sent the residue most depleted in these elements.
The residuals represent a useful isolated
0.716
-0.714
-0.712
0.710
-0.708
Sr87
0.706 Sr 86
\10
e -0704 0
eo -0.702
0. DeepD
0.700
E c0.698
5 4 3 2 0
Time (b.y.)
Figure 11-5. A schematic representation of Sr 8 7/Sr 8 6 with time for
oceanic basalts
1--, 1-..,.- 1 wvccz - P
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system, as did the basalts, which formed at the
time of partial melting of the mantle source regions.
However, whereas the basalt magmas are like whole-
rocks in that they contain essentially all of the
rubidium and strontium, and "look through" the par-
tial melting event back to the formation of the man-
tle source region itself, the residuals see only
the time of partial melting. This was the time of
the major break in their rubidium-strontium history.
If an example of a total system, i.e. basalt
and associated residual, could be found, the
Sr87/Sr 86 development line of the basalt could be
used to solve for the initial Sr 87/Sr 8 6 ratios of
the residual. The intersection of the basalt line
and the residual line would give the time of par-
tial melting in the source region. A schematic
diagram of this is given in Figure 11-6.
Since we do not have such a total system, we
can only use an average development line for oceanic
basalts, and examine the samples of individual re-
sidual rocks against this average. In order to
avoid the confusion of too many lines on the dia-
gram only the average value of the residuals from
the following areas have been plotted in Figure 11-7:
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Figure 11-6. A schematic representation of partial melting in the
mantle
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Figure 11-7. The average Sr87/Sr86 development for ultramafics from
various areas
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(1) Ural Mountains
(2) West coast of North America
(3) East coast of North America
(4) Pacific Ocean (sample R-5418 has been omitted
from the average because it is not typical of
the dunites from this region)
(5) Atlantic Ocean
It is noteworthy that these intersections are
old. In most cases the ultramafic rock was separated
as a system considerably earlier in the earth's
history than indicated by the local geology.
In the particular case of the Pacific dunites
the samples appear to be quite consistent even
though the outcrops are great distances apart. An
isochron plot of these three dunites is shown in
Figure 11-8.
The isochron gives an initial Sr 8 7/Sr 8 6 ratio
of about 0.7038 and an age of about 730 m.y. The
inclusion of more samples from this area in future
work should help to refine this line.
Geologic evidence indicates that these dunites
have been intruded into their present positions
within the last 200 m.y. This is significantly
different from the 730 m.y. isochron and adds
---- I1
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considerable support to the idea that the residual
separated as a system earlier in the earth's his-
tory.
Superimposed on the primary time of differen-
tiation of the residuals, there may be secondary
effects at the time of the intrusion to the surface
regions, or later, by contact alteration effects.
For example, the samples from the Vermont-Quebec
area probably suffered rubidium enrichment in the
Acadian. This is suggested by the isochron plot
for these samples shown in Figure 11-9 which gives
an initial ratio of 0.7085 and an age of 320 m.y.
The emplacement of granitic rocks throughout this
region at about that time supports this conclusion.
Furthermore, referring back to Figure 11-7, the
average age of these residuals is probably more
than 1 b.y.
Effects of Contamination
When discussing trace element concentrations
that are orders of magnitude lower than the average
crustal rocks, it is obvious that there might be
serious contamination of the samples from ground
water, dust, or other volatile substances. Some
conclusions can be drawn regarding this possibility
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Figure 11-9. An isochron plot for two peridotites from Black Lake, Quebec and
a serpentinite from Lowell, Vermont
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even when allowing for it.
The samples of ultramafic rocks from geograph-
ically large continental or isolated island areas
such as those from New Caledonia and Puerto Rico
are less likely to be contaminated with high rubid-
ium, high strontium, and high Sr87/Sr86 bearing
substances than samples from smaller bodies in con-
tinental areas such as Black Lake, Quebec and the
Urals. However, these rubidium-strontium values
are found to be comparable between the samples.
In general the Rb/Sr ratio in crustal areas
is about five times higher than the Rb/Sr ratio in
ultramafic rocks. Therefore, contamination would
be expected to enrich the sample material more in
rubidium than in strontium. How would this affect
the conclusions given above?
(1) The first conclusion regarding the high D
values and the resulting insignificance of
the rubidium and strontium in the residuals
relative to the liquid phase is amplified by
possible contamination. The rubidium and
strontium concentrations in the residuals
could have been on lower prior to contam-
ination.
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(2) The second conclusion regarding the antiquity
of the partial melting process is also ampli-
fied by contamination. If the observed Rb/Sr
ratio in the residuals is too high owing to
contamination, the true value, being lower,
would simply make the Sr 8 7/Sr 8 6 development
line less steep. This would give an even more
ancient time of isolation of the residual
system. Actually the concordance of the var-
ious Pacific samples suggests that in these
cases at least the contamination has not been
significant.
Therefore it is believed that the conclusions stated
are basically independent of contamination, even
if some has occurred.
Differentiation History of the Mantle
Initial Homogeneous Mantle
A homogeneous mantle with a Rb/Sr ratio of
less than 0.02 persisted until about 3 b.y. ago on
the average, with considerable variation. A
Sr87/Sr86 ratio of not over 0.700 developed in the
mantle during this time.
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Mantle Differentiation
A general process of differentiation occurred
in the mantle about 3 b.y. ago. Rubidium and stron-
tium were redistributed generally according to the
logarithmic distribution law such that a major
region of the upper mantle acquired a Rb/Sr ratio
about twice what it had been in the first stage.
The Sr87/Sr86 ratio developed in time to the values
found in modern oceanic basalts. This infers that
some strontium remained behind in the mantle some-
where in a residual material that has not yet been
discovered at the surface. A guess would be that
the Rb/Sr ratio in the more dense phases of higher
oxygen coordination existing below about 500 km
would probably be lower than in all the systems
being discussed in this report and, in toto, account
for the difference.
Partial Melting in the Mantle
At various times in the past partial melting
of the upper mantle has resulted in a separation of
basaltic material from ultramafic material. The
time of this partial melting, as indicated by the
residuals, was generally 1 b.y. or longer ago,
although some examples of more recent melting may
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be found. It is expected that the partial melting
may be more in accordance with the homogeneous
distribution law.
Continental Regions
The higher values for Sr 8 7/Sr 8 6 ratios found
in continental basalts (generally about 0.707 rather
than the 0.704 value found in oceanic basalts) sug-
gest that these magmas came from source materials
which had simply come into existence earlier than
those in the oceanic areas. If the mantle differ-
entiation process mentioned above took place in PArt
shortly after the earth formed by the same energy
source that differentiated the meteorites (it is
immaterial to this discussion whether the energy
was gravitational or supplied by short-lived radio-
nuclides), the liquid phase resulting from partial
melting of this source material would have reached
a Sr 87/Sr 8 6 ratio of 0.707 in about 4.5 b.y. Con-
tinental volcanics could therefore be derived from
the melting of a very early formed universal layer
of basalt (possibly still existing under oceanic
sediments) or a very early formed upper mantle source
region. However, this subject is the basis of an-
other investigation by Hurley and others, working
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on the initial Sr87/Sr86 ratios in continental
rocks.
Serpentinization
Although the samples range from essentially
unserpentinized peridotites to completely serpen-
tinized rocks, there does not seem to be any corre-
lation between degree of serpentinization and ru-
bidium-strontium concentration. Even though a few
of the samples have excessive rubidium which might
be associated with hydrothermal alteration, the low
rubidium concentration of most of the samples might
be considered suggestive of a magmatic source for
the water as suggested by Benson (1918); however,
Turner and Verhoogen (1960) have indicated that
insufficient water is available for large scale
serpentinization by this method. It is expected
that any water derived from the degassing of the
earth (Rubey, 1951) would be enriched in the alka-
lis, and might cause an increase in rubidium con-
centration proportional to serpentinization. Thus,
no rubidium-strontium evidence has been found for an
external source of the water required for serpen-
tinization. This is compatible with Hess' (1955b)
theory that the serpentinization has occurred in
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the mantle prior to intrusion, but does not offer
any direct evidence to support this or any other
hypothesis as to the origin of the water required
for serpentinization. However, the lack of apparent
enrichment does not eliminate the possibility of
an external source which is itself deficient in
rubidium and strontium or the possibility that these
samples are not typical.
Using rubidium as the principal criterion, the
serpentinites (R-5171, R-5172, and R-5173) from the
AMSOC core hole near Mayaguez, Puerto Rico are re-
sidual. However, the strontium content of these
serpentinites is much higher than most of the other
samples. This is noteworthy because it suggests
the possibility that these samples may be contam-
inated with sea water.
Contamination of these serpentinites with a
small amount of sea water would not increase the
rubidium concentration because sea water is notably
deficient in rubidium. On the other hand the sea
contains considerable strontium and, therefore, a
small amount of such contamination would give the
observed concentrations.
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Is Primordial Mantle Material Ever Found?
Primordial mantle material should have a Rb/Sr
ratio consistent with the development of the Sr 8 7/Sr 8 6
ratio from an initial value of 0.698 to the present
basalt ratios, which are between 0.702 and 0.707,
in 4.55 b.y. A Rb/Sr ratio of 0.022 is needed to
change the mantle Sr 8 7/Sr 8 6 ratio to 0.702 and a
Rb/Sr ratio of 0.048 is needed to reach 0.707 for
the Sr 87/Sr 8 6 ratio. Also, concentrations about
2 ppm to 5 ppm rubidium and 100 ppm to 200 ppm stron-
tium would be needed to supply the basalt require-
ments.
If this primordial mantle material is ever
found on the surface, one would expect it to be
either eclogite or peridotite from geochemical and
geophysical considerations. It is possible that
both of these rock-types are primordial upper mantle
material: peridotites under the oceanic regions
and eclogites under the continents (Wylie, 1963).
An eclogite xenolith from a kimberlite pipe
reported by Faure and Hurley (1963) has a Rb/Sr
ratio of 0.046 and a Sr 87/Sr 8 6 ratio of 0.7058
(corrected from 0.7088 to compensate for a constant
machine bias existing at the time of the measurement).
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The rubidium and strontium concentrations of this
sample are 6.9 ppm and 149 ppm respectively. Thus,
this eclogite has the required rubidium-strontium
characteristics for primordial mantle material.
One of the peridotites analysed in this inves-
tigation from St. Paul's Rocks was considered most
likely to represent primordial mantle material. It
has a Rb/Sr ratio of 0.029 and a Sr 87/Sr 8 6 ratio
of 0.7046 which places it well within the values
expected for the mantle. However, its rubidium and
strontium concentrations are only 0.34 ppm and 11.8
ppm respectively which are much too low.
Recent analyses of other peridotites from St.
Paul's Rocks (Hart, in press) indicate that rubidium
and strontium concentrations as high as 1.8 ppm ru-
bidium and 90 ppm strontium have been measured.
Thus, although the sample of St. Paul's Rocks used
in this investigation is too low in rubidium and
strontium concentrations for primordial upper man-
tle material, other peridotite samples from this
island may be found which have the required rubid-
ium-strontium values.
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SUMARY AND CONCLUSIONS
The following conclusions are drawn from the
rubidium-strontium measurements of ultramafic rocks:
(1) Through careful application of standard mass
spectrometric techniques coupled with improved
chemical procedures, it has been possible to
measure rubidium concentrations as low as 0.05
ppm and strontium concentrations as low as 0.1
ppm reliably. Direct strontium isotope ratios
have been measured on unspiked strontium ex-
tracted from peridotites in which the strontium
concentration was as low as 0.5 ppm. It has
been demonstrated through the use of a double
strontium spike that fairly reliable strontium
isotope ratios can be calculated. This allows
a further extension of the lower limits for
the isotope ratio analyses and might be used
as a check on directly measured isotope ratios.
(2) The majority of ultramafic rocks found on the
earth's surface are not primordial mantle ma-
terial. They represent the residual material
left in the upper mantle after partial melting
and removal of a basaltic liquid phase.
(3) Basalts contain essentially all of the rubidium
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and strontium from the primary source material
and, therefore, have not had a significant
change in their Rb/Sr ratio or resulting
Sr8T/Sr86 ratio. This means that the Sr87/Sr86
development line for a basalt extends back in
time, past the partial melting event, to the
original mantle differentiation time.
(4) Although ultramafics contain very little of
the rubidium and strontium formerly in the
primary source material, they fortunately hj
had a significant increase in their Rb/Sr ratio
and resulting Sr 8 7/Sr 8 6 ratio. The Sr 8 T/Sr 8 6
development line for an ultramafic extends
back in time only to the partial melting event.
(5) The possibility that some peridotites from St.
Paul's Rocks may be primary upper mantle ma-
terial is left open. The sample analysed in
this investigation seems to be at least par-
tially residual.
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SUGGESTIONS FOR FUTURE WORK
This investigation has uncovered extremely
interesting rubidium-strontium relations in perido-
tites.
Two areas of further investigation for the ul-
tramafic rocks are considered to be most needed at
this time. The possibility that some of the perido-
tite from St. Paul's Rocks may be primordial mantle
material should be investigated. The peridotite-
basalt relations also need further study.
It is quite possible that some of the perido-
tites from St. Paul's Rocks may be primordial mantle
material. A comprehensive examination of these
rocks should be made. Several cores should be
drilled deep enough to obtain clearly uncontaminated
peridotite from different areas of the rocks. Petro-
graphic analyses of these cores should be compared
with rubidium-strontium measurements in an attempt
to correlate mineralogy changes with rubidium and
strontium concentrations.
Similar measurements need to be made on eclo-
gites which are possible primordial mantle material.
These must be sampled with care because the normal
mode of occurrence as xenoliths carried into place
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in a magma makes them suspect of serious contamina-
tion by diffusion.
Additional rubidium-strontium measurements
need to be made on basalts. Accurate determinations
of rubidium and strontium concentrations are espe-
cially needed to correlate basalts with depth of
origin and to make correlations with residual ultra-
mafics.
A similar extensive study should be made of
residual peridotites such as the dunites which are
exposed all along the strike of the New Caledonia
and New Zealand intrusive belt. These dunites may
have originated from a dunitic mass that became
isolated from the primordial mantle material by par-
tial melting and removal of basalts in late Pre-
cambrian time.
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APPENDIX
Description of Samples
R-3622 Pyroxenite: Spion Kopp, N. W. corner of
section 6, T-16 S., R-32 E., Seneca Quad-
rangle, Oregon. Collected by T. P. Thayer.
The sample is dominantly pyroxene with
minor amphibole. It shows alteration to
serpentine (about 30 percent).
R-3625 Dunite: Wall rock in vicinity of Fantoche
Mine, N. W. coast of New Caledonia. Col-
lector unknown. This sample is serpentin-
ized (about 60 percent) and contains acces-
sory chromite.
R-3626 Dunite: Fracture in Dumbea Creek, 8 km
above hospitals, New Caledonia. Collected
by W. L. Whitehead. This sample contains
about 10 percent pyroxene, accessory chro-
mite, and has some alteration to serpentine
(about 30 percent).
R-5015 Kimberlite: Kimberley, South Africa, U.S.
Bureau of Standards Kimberlite. Olivine
and phlogopite with some serpentinization.
This sample may contain some fragments of
the invaded rocks.
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R-5171 Serpentinite:
Puerto Rico.
harzburgite),
H. H. Hess.
R-5172 Serpentinite:
Puerto Rico.
harzburgite),
H. H. Hess.
R-5173 Serpentinite:
Puerto Rico.
harzburgite),
AMSOC core hole near Mayaguez,
Type A (serpentinized diopside
depth 74.04 m. Donated by
AMSOC core hole near Mayaguez,
Type A (serpentinized diopside
depth 120.25 m. Donated by
AMSOC core hole near Mayaguez,
Type C (serpentinized diopside
depth 303.70 m. Donated by
H. H. Hess.
R-5174 Peridotite mylonite: St. Paul's Rocks, Mid-
Atlantic Ridge. Donated by H. H. Hess.
R-5205, Dunite: Twin Sisters, Washington. Col-
lected by P. M. Hurley. Very pure dunite
containing only minor serpentinization and
accessory chromite.
R-5418 Peridotite: Fantoche Mine, N. W. coast of
New Caledonia. Collected by W. L. Whitehead.
This sample is very fresh (less than 10
percent serpentinized). In addition to
olivine (about 60 percent) and pyroxene
(about 20 percent) the sample contains minor
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calcic plagioclase and accessory chromites.
R-5433 Dunite: Dun Mountain, New Zealand. Donated
by F. Birch. Extremely pure olivine.
R-5443 Peridotite: Black Lake, Quebec. Collected
by C. H. Warren. This sample shows some
alteration (about 30 percent serpentine).
The olivine (which represents about 50 per-
cent of the rock) is badly crushed and
veined with serpentine. The sample also
contains pyroiene (about 15 percent), minor
feldspar (about 5 percent) and accessory
chromite.
R-5444 Dunite: Nizhni Tagil (Urals), Russia. Col-
lected by W. H. Newhouse. A serpentinized
(about 40 percent) dunite with accessory
chromite.
R-5445 Peridotite: Dump of New Pit Asbestos Cor-
poration, Black Lake, Quebec. Collected by
J. L. Gilson. Serpentine veined olivine
(about 80 percent) and antigorite flakes.
Pyroxene (about 10 percent) occurs as rims
on olivine and individual grains. Accessory
chromite is present.
R-5446 Serpentinite: Berezovo (Urals), Russia.
Collected by W. H. Newhouse. This sample
is completely serpentinised. Accessory
chromite is present.
R-5447 Serpentinite: Lowell, Vermont. Collector
unknown. This sample is completely serpen-
tinized. Accessory chromite is present.
R-5448 Chromite Ore: Saranovskoye (Urals), Russia.
Collected by W. H. Newhouse. The sample
contains about 30 percent serpentine.
R-5449 Dunite: Balsam Gap, North Carolina. U.S.
Bureau of Standards Dunite. A few percent
of chlorite, vermiculite, and chromite are
present.
The Separation of Na, K, and Rb on AMP
Cation Exchange Columns
Introduction
In order to measure very small (less than 0.1
ppm) concentrations of rubidium in ultramafic rocks
an attempt was made to improve the quality of the
rubidium separation from rock solutions. The use
of an inorganic cation exchange material was sug-
gested by Professor J. W. Winchester.
Several columns using AMP (ammonium molybdo-
phosphate) for a cation exchange material were made
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(Smit et al., 1959). It was discovered that short,
thick columns gave very fast separations, but longer,
narrower columns were more efficient.
ExPerimental Procedure
Equal weights of AMP and Gooch crucible asbes-
tos (acid washed) obtained from Bio-Rad Laboratories
were combined with a 0.1N NH0N0 3 solution in a War-
ing blender. The AMP by itself is non-porous and
the asbestos was added for porosity. This mixture
was poured into pyrex glass columns with porous
quartz wool plugs at the bottom and allowed to set-
tle as the NH4N03 solution drained through.
A dilute rock solution (1.1983 g. basalt in
250 ml 0.2N H0l) was used for testing purposes. A
few ml of Rb84 tracer was added to the rock solution
before elution. Five ml fractions were collected
after elution with NH4NO3 . Relative amounts of
rubidium and potassium were measured on a scintilla-
tion counter and a flame photometer respectively.
The two columns which gave the best K-Rb sep-
arations had dimensions of 1.5 cm2 x 15 cm and
7.1 cm2 x 1 cm.
A simple gravity feed was used for the elution.
Hydrostatic heads were less than 30 cm.
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Results
Initial, unsuccessful attempts were made on
large columns of 5 cm2 x 25 cm. These large columns
were abandoned because of a tendency for channeling.
The results on smaller columns are reported below.
Table 11-29 gives the results of 5 rubidium
separations on a 7.1 cm2 x 1 cm column made from a
Buchner funnel. The column was preconditioned with
0.1N NH4NO3 before the rock solution was poured onto
the column for each separation. This exchange col-
umn has a very fast flow rate. The complete column
exchange time was less than 20 minutes in every
case.
Table 11-30 gives the results of 2 rubidium
separations on a 1.5 cm2 x 15 cm column. A 0.1N
NH4N03 solution was also used to precondition this
column. Although this column was much slower than
the shorter column, it gave a considerably better
separation. About an hour was needed for separa-
tions on this column. The separation of sodium,
potassium, and rubidium in experiment B on this
column is shown in Figure II-10.
Discussion
Although small AMP columns are capable of
_'05 MS.- - - __ - -
Table 11-29. Separation of Na, K, and Rb on 7.1 cm2 x 1 cm AMP column
Normality
Exper- of NH4N03
iment for Eluti6n
3.0
Collection
Fraction(5 ml each)
1
4.0
1.0
3.0
Relative Amt.
Rb (Scintillation
Counter, Back-
ground = 300 cpm)
15468
22648
14198
7468
4481
2436
1105
3330
4074
2238
2848
Relative K
Intensity
(Flame
Photometer)
Relative
Na (Flame
Photometer)
80
39
10
3
1
0
72
27
5
1
Table 11-29. gontinued
Normality
Exper- of NBH4N0 3iment for Elution
Collection
Fraction
(5 ml each)
Relative Ant.
Rb (Scintillation
Counter, Back-
ground = 300 cpm)
1947
830
0.3 332
286
564
834
5816
8048
2376
Relative K
Intensity
(Flame
Photometer)
Relative
Na (Flame
Photometer)
0
0
30
100
33
1
0
0
0
1020 0
=won"
4.o 8
Table 11-29. Continued
Normality
Exper- of NH4NOz
iment for Bluti6n
0.1
0.3
Collection
Fraction(5 ml each)
1
Relative Amt.
Rb (Scintillation
Counter, Back-
ground = 300 cpm)
396
346
324
294
370
794
1268
1860
2338
2940
5564
3.0
Relative K
Intensity
(Flame
Photometer)
2
8
11
5
33
33
Relative
Na (Flame
Photometer)
57
100+
100+
100+
100+
80
77
82
71
80
40
12 15996
-mom
0 11
Table 11-29. Continued
Normality
Exper- of NH4NO3
iment for Blutio6n
0.3
Collection
Fraction
(5 ml each)
Relative Amt.
Rb (Scintillation
Counter, Back-
ground = 300 opm)
6684
2518
362
342
2550
5860
5260
2370
1578
3.0
Relative K
Intensity
(Flame
Photometer)
30
73
53
2
0
0
0
Relative
Na (Flame
Photometer)
85
100+
43
7
5
3
1
8 526 0
-k
II
Table 11-30. Separation of Na, K, and Rb on 1.5 cm2 x 15 cm AMP column
Normality
Exper- of NH4N03
iment for Eluti6n
0.1
Collection
Fraction
(5 ml each)
1
3.0
0.3
Relative Amt.
Rb (Scintillation
Counter, Back-
ground = 300 cpm)
292
304
276
298
2635
14610
782
282
320
274
Relative K
Intensity
(Flame
Photometer)
29
90
2
0
6
22
0
1
100+
3
Relative
Na (Flame
Photometer)
61
26
0
0
0
0
0
100+
89
1
2322 0
Table 11-30. Continued
Normality
Exper- of NH4N03iment for Elution
Collection
Fraction
(5 ml each)
Relative Amt.
Rb (Scintillation
Counter, Back-
ground = 300 opm
7356
2862
1562
1884
918
Relative K
Intensity
(Flame
Photometer)
0
0
0
0
0
Relative
Na (Flame
Photometer)
0
0
0
0
0
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COLLECTION FRACTION
Figure II-10. Illustration of Na, K, and Rb
separations on an AMP column
100
80 _|
Na
60
40
20.
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making fast, efficient separations of rubidium from
potassium and sodium, they have not yet been used
in the geochronology laboratory at M.I.T. A blank
isotope dilution analysis of Rb8 7 spike passed
through the 7.1 cm2 x 1 cm column indicated a con-
tamination level of 0.12 ug rubidium. This is an
order of magnitude higher than the contamination of
samples separated on Dowex columns. This high con-
tamination level could probably be reduced consid-
erably by using purified NH4NO 3 for elution.
The NH4NO 3 forms large crystals when the col-
lected fraction is evaporated to dryness. These
crystals are decomposed by heating and the sample
is left as RbNO3 . This is very convenient for mass
spectrometric analyses as samples are generally
mounted as nitrates on the filament.
